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Das Titelbild zeigt ein "hopperband" der Art Locustana pardalina, aufgenommen auf der "Wolf-
kop"-Farm in der Karoo-Wüste bei Pofadder in Südafrika während meines Forschungsaufenthal-
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Laut §8, Absatz 3 der Promotionsordnung der Philipps-Universität Marburg (Fassung vom 
12.4.2000) müssen bei den Teilen der Dissertation, die aus gemeinsamer Forschungsarbeit ent-
standen sind, "die individuellen Leistungen des Doktoranden deutlich abgrenzbar und bewertbar 




Kapitel 1: A novel type of microglomerular synaptic complex in  
the polarization vision pathway of the locust brain 
 
 Durchführung aller Farbstoffinjektionen für Doppel-Fluoreszenz-Schnittserien inklusive 
Anfertigung aller immuncytochemischen Doppelmarkierungen (Vibratomschnitte). 
 
 Auswertung der elektronenmikroskopischen Einzelschnitte inklusive Immunogold-
Färbungen und Schnittserien aus mikrofotografischen Aufnahmen. Diese wurden von 
Robert Wagner mit technischer Unterstützung von Geza Thiess und von Bernhard Bau-
senwein angefertigt. 
 
 Anfertigung aller dreidimensionalen Rekonstruktionen und Detailaufnahmen mittels Mik-
roskopkamera (5 von 5), sowie 75% aller Zeichnungen (3 von 4). 
 
 Erstellung sämtlicher Abbildungen und Tabellen. 
 
 Anfertigung des Manuskriptes und layout der fertigen Abbildungen in Zusammenarbeit 
(Korrektur) mit Prof. Dr. Uwe Homberg. 
 
 Dieses Kapitel wurde in der vorliegenden Form im Journal of Comparative Neurology 
veröffentlicht. (Träger, U., Wagner, R. Bausenwein, B. & Homberg, U. (2008) A novel 
type of microglomerular synaptic complex in the polarization vision pathway of the locust 




Kapitel 2: Polarization sensitive descending neurons in the locust:  
connecting the brain to thoracic ganglia 
 
 Durchführung von 85% (22 von 26) der präsentierten intrazellulären Ableitungen. 
 
 Umbau eines elektrophysiologischen Arbeitsstandes und Etablierung der routinemäßigen 
Ableitung vom Halskonnektiv. 
 
 Auswertung und statistische Analyse aller elektrophysiologischen Daten. 
 
 Anfertigung aller dargestellten Rekonstruktionen, sowie histochemische Aufbereitung ei-
niger fluoreszenzmarkierter Präparate mittels konfokaler Mikroskopie. 
 
 Anfertigung sämtlicher Abbildungen. 
 
 Anfertigung des Manuskriptes sowie layout der fertigen Abbildungen in Zusammenarbeit 
(Korrektur) mit Prof. Dr. Uwe Homberg. 
 
 Dieses Kapitel wurde in der vorliegenden Form am 12.07.2010 beim Journal of Neuros-
cience (JN-RM-3624-10) eingereicht und am 20.08.2010 zur Revision zugelassen. 
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Kapitel 3: Behavioral and electrophysiological evidence for a role of polarized light in 
optomotor responses of the desert locust Schistocerca gregaria 
 
 Die Verhaltensexperimente an fixiert fliegenden Heuschrecken wurden von Bianca Back-
asch durchgeführt und ausgewertet sowie als Rohabbildung zur Verfügung gestellt. Die 
Schlussfolgerungen daraus diskutierten Prof. Dr. Uwe Homberg und ich. 
 
 Die Analyse des Powersprektums (FFT) mittels eigens dafür angefertigtem MatLab-
Programm wurde durchgeführt von Dr. Ronny Rosner. 
 
 Durchführung von 62,5% (5 von 8) der präsentierten intrazellulären Ableitungen. 
 
 Auswertung und statistische Analyse aller elektrophysiologischen Daten. 
 
 Anfertigung aller zweidimensionalen Rekonstruktionen. 
 
 Die dreidimensionalen Rekonstruktionen wurden angefertigt von Christoph Busche und 
als Rohabbildung von Basil el Jundi zusammengestellt. 
 
 Anfertigung der elektrophysiologischen Abbildungen und endgültiges layout aller fertigen 
Abbildungen. 
 
 Anfertigung des Manuskriptes in Zusammenarbeit (Korrektur) mit Prof. Dr. Uwe Hom-
berg. 
 





Die Abfassung der Dissertation in englischer Sprache wurde vom Dekan des Fachbereichs Bio-







iele Tiere vollführen wahre Meisterleistungen, indem sie ein ausgeprägtes Migrations-
verhalten über schier unvorstellbare Distanzen zeigen oder sich an für uns unsichtbaren 
Mustern, wie z.B. das Magnetfeld der Erde oder das Polarisationsmuster des blauen 
Himmels, orientieren (Frost & Mouritsen, 2006). Viele Insekten nutzen auf ihren teils ausgepräg-
ten Wanderungen (wie auf dem Titelbild dieser Dissertationsschrift am Beispiel der südafrikani-
schen Heuschrecke Locustana pardalina zu sehen) das Polarisationsmuster zur Navigation. Dieses 
Muster entsteht durch an Luftmolekülen gestreutes Sonnenlicht. Direktes Sonnenlicht hingegen 
ist unpolarisiert und weist sämtliche Schwingungsrichtungen (E-Vektoren) auf. Das gestreute und 
somit polarisierte Licht hat nur noch eine einzige Schwingungsrichtung und ist in konzentrischen 
Kreisen um die Sonne ausgerichtet. Dieses Polarisationsmuster unterscheidet sich, abhängig vom 
Winkel zur Sonne, im Grad der Polarisation. Mit bis zu 75% ist der Polarisationsgrad im 90° 
Winkel zur Sonne am stärksten. Da das Polarisationsmuster direkt auf dem Sonnenstand beruht, 
unterliegt dieses Muster einer tageszeitlichen Veränderung, welche von den Tieren, die dieses 
Muster zur Navigation nutzen, kompensiert werden muss (Wehner & Labhart, 2006). In zahlrei-
chen Verhaltensstudien konnte gezeigt werden, dass bereits ein kleiner Ausschnitt des blauen 
Himmels ohne sichtbare Sonne ausreicht, um für Bienen und Ameisen eine Navigationsgrundla-
ge zu bilden. Aber nicht nur tagaktive Tiere nutzen diesen Himmelskompass, denn auch der 
nachtaktive Pillendreher Scarabaeus zambesianus macht sich das Polarisationsmuster des monder-
hellten Nachthimmels zunutze, um seine Dungkugel in direktem Weg von einem Dunghaufen zu 
entfernen (Dacke et al., 2003). Weiterhin konnte in Laborversuchen gezeigt werden, dass sich 
auch Fliegen (von Philipsborn & Labhart, 1990), Grillen (Brunner & Labhart, 1987) und Heu-
schrecken (Mappes & Homberg, 2004) an polarisiertem Licht orientieren können. 
Labhart und Meyer (1999) zeigten, dass viele Insekten eine besondere Augenregion, die 
dorsale Randregion (engl. dorsal rim area, DRA), aufweisen, die sich in vielen Merkmalen vom 
Restauge unterscheidet (siehe auch Homberg & Paech, 2002). Zum einen sind die Rhabdome der 
Ommatidien der DRA im Wesentlichen kürzer und breiter als die aus dem Restauge und zum 
anderen weisen die Mikrovilliorientierungen der Retinulazellen einen Versatz von 90° zueinander 
auf. Neben weiteren Unterschieden in der Optik sind die Photorezeptoren der DRA aufgrund 
der oben genannten Eigenschaften für die Wahrnehmung von polarisiertem Licht prädestiniert. 
Zur Aufklärung der neuronalen Verarbeitung bieten sich Heuschrecken aber auch Grillen auf-
grund ihrer Größe als Modellorganismen an. Aufgeklärt durch Farbstoffinjektionen, erstreckt 
sich die Polarisations-Sehbahn (siehe Abb. 1, rot markiert) ausgehend von der DRA über die 
dorsalen Randregionen der ersten und zweiten visuellen Verarbeitungszentren Lamina und Me-
dulla und weiter über die anteriore Lobula als drittes visuelles Zentrum bis hin zu einem räumlich 
stark begrenzten Areal, dem anterioren optischen Tuberkel (AOTu) (Homberg, 2004). Die Neu-
rone dieses kleinen Hirnareals konnten außerordentlich gut mittels elektrophysiologischer Tech-
niken untersucht werden (Pfeiffer et al., 2005; Kinoshita et al., 2007; Pfeiffer & Homberg, 2007). 
Die abgeleiteten Neurone weisen eine Modulation ihrer Aktionspotentialfrequenz auf und besit-
zen sogenannte Gegenpol-Eigenschaften. Das bedeutet, dass sie unter Stimulation mit rotieren-
dem, von dorsal präsentiertem polarisierten Licht durch eine bestimmte E-Vektor-Orientierung 
(max) maximal erregt werden, während sie durch eine genau um 90° zu max versetzten E-
Vektor-Orientierung maximal inhibiert werden. Die Neurone des AOTu verschalten zu speziali-
sierten Arealen, dem lateralen Dreieck und der medianen Olive, des lateralen akzessorischen Lo-
bus (LAL). Von diesen Arealen erhalten tangentiale Zellen des Zentralkomplexes ihren Eingang 
und projizieren weiter zur unteren Einheit des Zentralkörpers (Vitzthum et al., 2002). Innerhalb 
des Zentralkomplexes, der aus der Protozerebralbrücke, oberer und unterer Einheit des Zentral-
körpers sowie den paarigen Noduli besteht, konnten mindestens 13 weitere polarisationssensitive 
Neuronentypen nachgewiesen werden (Vitzthum et al., 2002; Heinze & Homberg, 2007, 2008, 
2009; Heinze et al., 2009). Weiterhin konnte eine topographische Karte in Bezug auf die dorsalen 




von Kopfrichtungsneuronen, die die Orientierung des Tieres relativ zum Sonnenmeridian kodie-
ren und somit eine Art internen Kompass darstellen könnten (Heinze & Homberg, 2008). 
Über eine zweite Polarisations-Sehbahn (siehe Abb. 1, grüner Teil) könnte die wichtige In-
formation über die Tageszeit integriert werden. Wie el Jundi und Homberg (2010) vorschlagen, 
könnte diese zweite Bahn über die akzessorische Medulla Zeitgeber-Information erhalten, da 
dieses Areal zumindest in Schaben, Grillen, Fliegen und Käfern als Sitz der inneren zirkadianen 
Uhr betrachtet wird (Helfrich-Förster et al., 1998), und diese Information über den posterioren 
optischen Tuberkel auf bekannte Zellen des Zentralkomplexes verschalten. 
Auf welche Weise die im Zentralkomplex verarbeitete Information des polarisierten Lichtes 
an die Motorik übermittelt wird, die das Lauf- oder Flugverhalten des Tieres kontrolliert, ist bis-
her unbekannt. Sogenannte absteigende Neurone, die ihren Zellkörper sowie die Eingangsregio-
nen innerhalb des Gehirns aufweisen, müssten diese verarbeitete Information an die Thorakal-
ganglien weiterleiten. Bisher sind allerdings bei keinem der bisher untersuchten Tiere polarisati-
onssensitive absteigende Neurone nachgewiesen worden, sodass sich dieses Thema besonders 
eignet untersucht zu werden. Daher stellen die absteigenden Neurone den Hauptteil der vorlie-
genden Dissertationsschrift dar und wurden mittels elektrophysiologischer Methoden untersucht. 
Hierzu führte ich, unter Hilfestellung von Dr. Klaus Hensler, die Methodik zur intrazellulären 
Ableitung direkt von den Halskonnektiven in unserem Labor ein. Diese Methodik ermöglicht es, 
von absteigenden Neuronen intakter, horizontal fixierter Tiere abzuleiten. Ich optimierte sie da-
hingehend, dass stabile Ableitungen über einen längeren Zeitraum und auch gute Anfärbungen, 
mittels Farbstoffinjektionen, möglich wurden. Somit konnte neben der Untersuchung der physio-
logischen Eigenschaften auch ein Vergleich aufgrund anatomischer Merkmale mit bereits be-
schriebenen absteigenden Neuronen angestrebt werden beziehungsweise neue Neurone be-
schrieben werden. 
Abb. 1 Polarisations-Sehbahnen im Gehirn der Wüstenheuschrecke mit Andeutung der Verbindung zur Motorik in den Thora-
kalganglien, welche schließlich zum Verhalten des Tieres führt. In der Polarisationssehbahn (rot), ausgehend von den dorsalen 
Randregionen der Lamina und Medulla, projizieren Neurone der Medulla über die anteriore Lobula in den anterioren optischen 
Tuberkel (AOTu), welcher mittels verschiedener Neurone mit der medianen Olive (MO) und dem lateralen Dreieck (LT), beides 
Untereinheiten des lateralen akzessorischen Lobus (LAL), in Verbindung steht. Über den LAL erhält der Zentralkomplex, beste-
hend aus dem Zentralkörper (CB) und der Protozerebralbrücke (PB), polarisationssensitiven Eingang. Neurone einer zweiten 
Sehbahn (grün) verbinden die akzessorische Medulla (AMe) mit dem posterioren optischen Tuberkel (POTu) und schließlich mit 
der Protozerebralbrücke. Ausgehend vom Zentralkomplex erhalten absteigende Neurone die verarbeitete Polarisationsinformati-
on und leiten diese an die Motorik weiter und beeinflussen somit das Verhalten des Tieres. Der Maßstabsbalken entspricht 
200 µm (verändert nach Homberg et al., 2003). 
Zusammenfassung 
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Die vorliegende Arbeit gliedert sich in drei Kapitel, deren Inhalt im Folgenden kurz be-
schrieben werden soll. 
 
 
Kapitel 1: A novel type of microglomerular synaptic complex in  
the polarization vision pathway of the locust brain 
 
Das erste Kapitel beschäftigt sich zunächst mit der Eingangsregion des Zentralkomplexes, dem 
lateralen akzessorischen Lobus (LAL). In einer anatomischen Arbeit wurde die Verbindung zwi-
schen den aus dem anterioren optischen Tuberkel (AOTu) stammenden Neuronentypen (Tu-
LAL) und den Tangentialneuronen (TL), die Signale an die untere Zentralkörpereinheit liefern, 
näher untersucht. Der AOTu besteht im Wesentlichen aus zwei Untereinheiten, von denen aus-
schließlich die untere mit polarisationssensitiven Neuronen assoziiert ist. Mittels Farbstoffinjekti-
on direkt in diese untere Einheit des AOTu wurden Projektionen der beiden Neuronentypen 
TuLAL1a und 1b angefärbt. Während die Neuronen des Typs TuLAL1a ausschließlich im latera-
len Dreieck und somit auf die Tangentialneurone der Typen TL1/2 verschalten, weisen die Tu-
LAL1b Neurone in beiden Arealen, lateralem Dreieck und medianer Olive, Verzweigungen auf 
und könnten somit sowohl auf die TL1/2 als auch auf die TL3 Neurone verschalten. Das Beson-
dere an dieser Verschaltung ist, dass das präsynaptische Neuron sowohl in der medianen Olive 
als auch im lateralen Dreieck eine Art becherförmige Endigung ausbildet, die in ihrem Inneren 
zahlreiche im wesentlichen -Aminobuttersäure (engl. -aminobutyric acid, GABA)-immunreaktive 
postsynaptische Endigungen aufweist. Es ist bereits nachgewiesen wurden, dass die TL2 und TL3 
Neurone, nicht aber die TL1 Neurone, GABA-immunreaktiv sind (Homberg et al., 1999). Auf 
lichtmikroskopischer Ebene konnte gezeigt werden, dass sich die beiden Areale mediane Olive 
und laterales Dreieck durch den Isthmustrakt gut abgrenzen lassen und jeweils kleine Strukturen 
GABA-immunreaktiver Profile erkennen lassen, die regelmäßig durch unmarkierte Bereiche von-
einander abgegrenzt sind. In Doppelfärbungen konnte weiterhin gezeigt werden, dass eben jene 
unmarkierten 'Lücken' von Endigungen der durch Druckinjektion angefärbten TuLAL1a/b Neu-
rone gefüllt werden. Die Terminalen der Neurone umschließen direkt die kleinen GABA-
immunreaktiven Strukturen und bilden mikroglomeruläre Einheiten (Abb. 2). Durch elektro-
nenmikroskopische Untersuchung des LAL wurden direkte synaptische Kontakte der großen 
umschließenden Profile auf zahlreiche kleine eingeschlossene zumeist GABA-immunreaktive 
Profile nachgewiesen und somit die Polarität der Verschaltung bestätigt. Zur besseren Illustration 
wurde ein kleiner Mikroglomerulus dreidimensional rekonstruiert, um die mehr als 150 aus-
nahmslos dyadischen synaptischen Kontaktstellen in seinem Inneren besser darzustellen. 
Im Vergleich mit anderen spezialisierten synaptischen Verschaltungen fällt eine bemerkenswerte 
Ähnlichkeit mit dem in Vertebraten vorkommenden Held'schen Calyx auf. Diese Riesensynapse 
ist Teil der Hörbahn, wobei das präsynaptische Profil becher- oder fingerförmig das Soma der 
postsynaptischen Zelle umschließt. Diese enge und feste Umklammerung ist eine Anpassung an 
eine starke und zeitlich präzise Signalübertragung, wodurch die Phaseninformation des auditori-
schen Signals bewahrt wird (Carr & Soares, 2002). Im Heuschreckengehirn sind diese hochspe-
zialisierten synaptischen Verschaltungen Teil der Polarisations-Sehbahn und stellen auf der Ebe-
Abb. 2 Konfokalaufnahmen eines 1 µm dicken Teilbereiches der medianen Olive im lateralen akzessorischen Lobus. A, Mittels 
eines Antikörpers gegen GABA sind die GABA-immunreaktiven separierten Bereiche in grün (zwei Beispiele gepunktet umran-
det) gut zu erkennen. Die Dextran/Cy3-markierten Endigungen einiger TuLAL-Neurone des anterioren optischen Tuberkels 
(magenta) sind in B dargestellt. C,  Die Überlagerung der beiden Einzelabbildungen verdeutlicht die umfassende Struktur der 
TuLAL-Endigungen, welche die 'Lücken' füllt und mikroglomeruläre Einheiten (MG) bilden. Der Maßstabsbalken in A entspricht 
20 µm und ist gleichermaßen für B und C gültig. 
Zusammenfassung 
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ne des LAL den Eingang in den Zentralkomplex dar. Aufgrund dieser Mikroglomeruli, deren 
synaptische Kontakte ausschließlich auf das Innere beschränkt sind und somit verbunden mit 
einer umgebenden Gliahülle eine Art 'Abschirmung' oder besser eine Diffusionsbarriere für die 
synaptischen Transmitter darstellen, scheint eine besonders starke und schnelle synaptische Ver-
schaltung auf dieser Ebene der Polarisations-Sehbahn stattzufinden. 
Die Studie umfasst erstmalig eine bis zur Ultrastruktur reichende Beschreibung einer hoch 
spezialisierten Schaltstelle zwischen Neuronen der Polarisations-Sehbahn, die den Eingang in den 
Zentralkomplex darstellen. Dennoch bleibt die Frage ungeklärt, auf welche Art und Weise die 
Weiterleitung über inhibitorische Neurone erfolgt. Dessen ungeachtet stellt diese mikroglomeru-
läre synaptische Verschaltung zweifelsfrei eine Art Schlüsselfunktion dar, indem sie eine zeitlich 
äußerst präzise Weiterleitung der Signale beider Hirnhemisphären in ein unpaariges Areal, die 
untere Einheit des Zentralkomplexes, bewirkt. Diese Schaltstelle ist damit aktiv an der Integrati-
on binokularer Eingänge beteiligt, welche möglicherweise eine entscheidende Voraussetzung für 
die Überführung von E-Vektorsignalen in ein räumliches Signal für die Kompass-Orientierung 
und Navigation darstellt. 
 
 
Kapitel 2: Polarization sensitive descending neurons in the locust:  
connecting the brain to thoracic ganglia 
 
Während sich das erste Kapitel mit dem Eingang in den Zentralkomplex beschäftigt, ist der Aus-
gang bzw. die Verschaltung auf die motorischen Zentren im Bauchmark zentrales Thema in Ka-
pitel 2. Um gezielt von absteigenden Neuronen ableiten zu können, war es zunächst erforderlich, 
einen elektrophysiologischen Arbeitsstand dahingehend anzupassen, dass die Halskonnektive frei 
zugänglich waren. Die abgeleiteten Neurone wurden mittels dorsal rotierender E-Vektoren sti-
muliert und wiesen eine für polarisationssensitive Neurone typische Modulation der Aktionspo-
tentialfrequenz mit eindeutiger Vorzugsrichtung (max) auf. Durch erfolgreiche Farbstoffinjektio-
nen und verlässliche physiologische Eigenschaften war es möglich, 26 absteigende Neurone drei 
Zelltypen zuzuordnen. Während zwei dieser Zelltypen ausgehend vom Gehirn in die Thorakal-
ganglien und möglicherweise direkt auf motorische Neurone projizieren, weist der dritte Typus 
keine Verbindungen mit dem Gehirn auf, sondern verbindet lediglich das Unterschlundganglion 
mit dem nachfolgenden Prothorakalganglion. Aufgrund morphologischer Ähnlichkeiten der ein-
zelnen Ableitungen kann davon ausgegangen werden, dass es sich zumindest bei den beiden vom 
Gehirn ausgehenden Zelltypen um individuelle Neurone handelt. 
Die absteigenden polarisationssensitiven Neurone des Gehirns (n = 10) weisen eine zeitli-
che Beziehung zwischen der Vorzugsrichtung und der Tageszeit auf, die erstmalig für das gesam-
te Tierreich geltend auf eine Zeitkompensation des Himmelskompasses hindeutet. Weiterhin 
schließen diese beiden Neuronen die Lücke zwischen den Verarbeitungszentren des Gehirns und 
der verhaltensauslösenden Motorik in den Thorakalganglien und stellen damit möglicherweise die 
letzte interneuronale Schaltstelle der Polarisationswahrnehmung und -verarbeitung dar. Aufgrund 
multimodaler Eigenschaften, wie z.B. die zusätzliche Reaktion dieser Neurone auf bewegte Sti-
muli, stellen diese Neurone eine Integrationsstelle für Bewegungssensitivität und E-Vektor-
Detektion dar, welches in einer besonders starken Kodierung für Änderungen der Kopforientie-
rung unter verschiedenen Himmels- und Bodenkontrasten resultieren könnte. Auf welche Art 
und Weise diese beiden Eingänge dabei exakt interagieren und sich möglicherweise gegenseitig 
ergänzen, kann erst durch gemeinsame Stimulation während einer Ableitung untersucht werden. 
Diese Studie beschreibt erstmalig polarisationssensitive absteigende Neurone und bietet ferner 
eine exzellente Ansatzmöglichkeit für weiterführende Versuche. Im Rahmen dieser Arbeit wur-
den bereits einige weitere Ansätze verfolgt.  
Der dritte Zelltyp, der sich allenfalls in zwei einzelne Neurone unterteilen lässt sowie das 
Unterschlundganglion mit dem Prothorakalganglion verbindet, deckt ein äußerst breites (bis zu 
180°) Sehfeld in lateraler Ausdehnung ab. Dieser Zelltyp wies keine zeitliche Beziehung zwischen 
Zusammenfassung 
 13
der Tageszeit und dem E-Vektor-Tuning auf. In Kombination 
mit vorherigen Studien, in denen eine rhythmische Aktivität ei-
nes solchen Neurons während des Fluges nachgewiesen wurde 
sowie elektrische Stimulation dieser Zelle zu Kopfrollbewegun-
gen führte (Hensler, 1989), vermute ich eine integrative Beteili-
gung der E-Vektor-Orientierung des polarisierten Lichtes an der 
Kontrolle der Kopforientierung infolge von Horizonterkennung. 
Auch diese völlig unerwartete polarisationssensitive Eigenschaft 
eines bekannten 'Flugsteuer'-Neurons bietet eine hervorragende 
Ausgangsposition für weiterführende Studien. Darüber hinaus 
konnten innerhalb dieser Studie keine Hinweise auf eine über-
lappende Färbung mittels Antisera gegen gängige Neurotrans-
mitter gefunden werden, so dass auch auf dieser Ebene weitere 
Ansatzstellen vorhanden wären.  
Zusätzlich wurde in dieser Studie das Navigationsprinzip 
von Vertebraten aufgegriffen, da sich alle absteigenden polarisa-
tionssensitiven Neurone gleichsam wie die sogenannten 'antizi-
patorischen Kopfrichtungsneurone' des anterioren dorsalen tha-
lamischen Nukleus von Ratten verhalten, welche dem Tier be-
reits vor Erreichen einer bestimmten Kopfrichtung das baldige 
Eintreten dieses Ereignisses signalisieren (Abb. 3; Blair & Sharp, 
1995; Taube & Basset, 2003). Dieses Navigationsprinzip eröffnet wiederum eine völlig neue Per-
spektive in Bezug auf die Interpretation der Funktionsweise polarisationssensitiver Neurone. 
 
 
Kapitel 3: Behavioral and electrophysiological evidence for a role of polarized light in 
optomotor responses of the desert locust Schistocerca gregaria 
 
Im Rahmen der Untersuchung der absteigenden Neurone kristallisierten sich auch einige Sonder-
fälle polarisationssensitiver Neurone heraus. Diese Neurone schienen zwischen Links- und 
Rechtsdrehungen des Polarisationsfilters unterscheiden zu können. Im Gehirn konnte ebenfalls 
von solchen Neuronen abgeleitet werden. Allen gemeinsam war die signifikante Antwort, mit 
einer deutlich bestimmbaren Vorzugsrichtung (max), auf eine der beiden Drehrichtungen des 
Polarisators, während die andere Drehrichtung zu einer gleichförmigen Antwort ohne erkennbare 
E-Vektor-Empfindlichkeit führte. Die untersuchten drehrichtungssensitiven Neurone des Heu-
schreckengehirns ähnelten bekannten bewegungssensitiven Zellen und scheinen deren physiolo-
gische Eigenschaften um die Wahrnehmung polarisierten Lichtes zu ergänzen.  
Mit Verhaltensstudien wurde bestätigt, dass die Tiere die Drehrichtung eines dorsal rotie-
renden Polarisationsfilters erkennen und dem Stimulus folgen können. Dazu wurden Heuschre-
cken in einem Windkanal (siehe Abb. 4) fixiert und deren Flugverhalten, ausgelöst durch den 
frontalen Windstimulus, untersucht. Mittels eines Drehmomentmessers konnten die Drehkräfte 
der fixiert fliegenden Heuschrecken nach links bzw. nach rechts gemessen und über die Zeit gra-
phisch aufgetragen werden. Daraus resultierte ein sägezahnförmiger Kurvenverlauf, der sich pro 
Drehrichtung signifikant zwischen den Kraftaufwendungen nach rechts bzw. nach links unter-
schied. Demnach folgen die Heuschrecken dem Stimulus aktiv, drehen sich dann bei maximaler 
Kraft in einer schnellen Rückstellbewegung entgegen der Drehrichtung des Polfilers, und folgen 
der Drehrichtung des Stimulus anschließend wieder. Dieses Verhalten ähnelt einem optokineti-
schen Nystagmus und tritt in ähnlicher Form auch bei der Bewegung eines schwarz-weißen Strei-
fenmusters um das Tier herum auf (Schlieper, 1927; Varjú, 1975; Kien und Land; 1978; Barnes & 
Nalbach, 1993). Mittels dieser Studie konnte erstmals nachgewiesen werden, dass Heuschrecken 
in der Lage sind, die Bewegungsrichtung des rotierenden Polarisationsfilters zu erkennen und 
daraufhin eine optomotorische Reaktion zu zeigen. Da unbehandelte Tiere ein tendenziell ver-
Abb. 3 Antwortverhalten eines hypo-
thetischen antizipatorischen Kopf-
richtungsneurons aus dem anterioren 
dorsalen thalamischen Nukleus. Die 
Aufgabe dieser Zelle ist es, der Ratte 
das baldige Erreichen der 180° Posi-
tion des Kopfes zu signalisieren. Bei 
Annäherung von Links (Rechtsdre-
hung des Tieres) feuert die Zelle links 
von 180° (z. B. bei 160°) während sie 
bei Annäherung von Rechts (Links-
drehung) rechts von 180° (z. B. bei 
200°) feuert. Bei Stillstand des Tieres 
feuert die Zelle genau bei 180° (ver-
ändert nach Carew, 2000). 
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gleichbares Verhalten zeigten wie Tiere, bei denen die 
Komplexaugen bis auf die dorsale Randregion mit schwar-
zer Farbe übermalt wurden, muss dieses bewegungssensi-
tive polarisationsempfindliche Verhalten über die dorsale 
Randregion des Auges wahrgenommen werden.  
Die neuronale Grundlage einer solchen optomotori-
schen Antwort könnte in der fächerförmigen Anordnung 
der Ommatidien der dorsalen Randregion begründet sein, 
die mit einer kreisförmigen lateralen Interaktion der nach-
geschalteten Neurone einhergehen müsste. Dies könnte 
eine biologische Anpassung an die Wahrnehmung von 
rotationsbedingten Bewegungen um die Körperhochachse 
des Tieres herum darstellen. Die drehrichtungssensitiven 
polarisationsempfindlichen Neurone des Gehirns, wie 
auch die absteigenden drehrichtungssensitiven polarisati-
onsempfindlichen Zellen stellen Neurone dar, deren vor-
geschaltete Elemente zeitverzögerten Eingang von be-
nachbarten Photorezeptoren der dorsalen Randregion er-
halten haben. Dieses der Wahrnehmung von Bewegungsin-
formation zugrunde liegende Prinzip wird als 'Reichardt'-
scher Bewegungsdetektor' bezeichnet. Diese drehrich-
tungssensitiven polarisationsempfindlichen Neurone of-
fenbaren ein von der bisher untersuchten Polarisations-
Sehbahn getrenntes System, das dem Polarisations-
Sehsystem möglicherweise eine völlig neuartige Funktion 
auferlegt, die eng verbunden mit der Bewegungssensitivität 
Gierbewegungen der Heuschrecke kontrolliert und damit 
zur Flugbalance beträgt. 
Diese Studie liefert weiterhin einen Beitrag zur Aufklärung der Wahrnehmung individueller 
E-Vektoren, da bisher zwei Theorien in der Literatur diskutiert wurden. Nach der 'sukzessiven 
Methode' werden die polarisationssensitiven Photorezeptoren relativ zum E-Vektor ausgerichtet, 
um die vorherrschende Vorzugsrichtung am Himmel erkennen zu können. Nach der 'simultanen 
Methode' kann dagegen, ungeachtet der Körperstellung durch drei Photorezeptoren mit unter-
schiedlichem E-Vektor-Tuning die E-Vektorstellung am Himmel unmittelbar erkannt werden. 
Für letzteres spricht auch die orthogonal ausgerichtete Mikrovillianordnung der einzelnen Om-
matidien in der dorsalen Randregion. Unsere Daten unterstützen indirekt die simultane Methode 
der E-Vektor-Erkennung durch permanenten Abgleich von mindestens drei unabhängigen Kanä-
len von E-Vektor-Analysatoren wie bereits 1972 von Kirschfeld vorgeschlagen. Die fächerförmi-
ge Anordnung der Photorezeptoren der dorsalen Randregion würde damit, anders als von Weh-
ner (1989) angenommen nicht als ein peripherer sensorischer Filter fungieren, der das E-
Vektormuster des blauen Himmel gemäß der sukzessiven Methode abgleicht, sondern zur Wahr-
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nimal species from nearly all major taxa show migratory behavior, and some of these ani-
mals cover remarkable distances. Well studied examples are migratory birds like the arctic 
tern Sterna paradisaea that migrates from boreal and high Arctic breeding grounds to the 
Southern Ocean (Egevang et al., 2009). Insects also attain excellent achievements in annual mi-
gration as shown by the monarch butterfly Danaus plexippus which changes its habitat between 
eastern North America and central Mexico (Kyriacou, 2009). How can these animals perform 
such remarkable migrations? Which mechanisms underlie such a performance? Foraging ants and 
bees use navigational strategies similar to those of birds and mammals to reach a goal. To navi-
gate through familiar terrain, all of these species use path integration and memories of visual 
landmarks (Collett & Collett, 2002). During path integration, an animal permanently updates a 
homing vector resulting from all angular and translational movements so that it can always take a 
direct path back to its starting point (Collett & Collett, 2000). To compute resulting novel routes 
out of several single homing flights, bees use a map-like navigation strategy that allows target-
oriented decisions at any place and toward any intended location within the familiar terrain 
(Menzel et al., 2006). These mechanisms are used for near-range navigation, termed as 'homing', 
rather than for long-distance navigation tasks. Animals that navigate through unknown space are 
forced to use cues of a global nature, such as the geomagnetic field, the stars, and cues related to 
the position of the sun (Frost & Mouritsen, 2006). Like diverse marine animals, e.g. marine tur-
tles, lobsters, and molluscs, the green sea-turtle Chelonia mydas has a magnetic map sense for navi-
gation to specific targets (Cain et al., 2005; Lohmann et al., 2004). Many diurnal species use a 
time-compensated sun-compass, other sky compass cues like polarized light, or stars for steering 





The desert locust Schistocerca gregaria performs extensive movements through North Africa and the 
Middle East and retains annual migratory directions. The flight directions of locust swarms 
largely correspond with wind directions (Uvarov, 1977). The hopper band, illustrated on the 
cover of this doctoral thesis, shows 2nd and 3rd instar larvae of the South African locust Lo-
custana pardalina. These hoppers also marched with the wind, but against the sun through the farm 
land in the Karoo desert (own observations, 2008). Kennedy (1951) described that the locusts did 
not follow arbitrary shifts in wind directions, but tended to remain oriented toward the mean 
wind direction, indicating that other environmental features that are less variable than the wind 
itself, are important for the control of flight directions. In field studies, Kennedy (1945, 1951) 
demonstrated that marching hopper bands and flying migrants change their course predictably by 






Naturally polarized light arises either from the scattering of sunlight within the atmosphere and 
hydrosphere, or from reflection of light by shiny, non-metallic, dielectric surfaces such as a body 
of water, vegetation, or the surface of an animal’s body (Wehner & Labhart, 2006). Underneath 
the celestial hemisphere, a pattern of polarization spans the entire sky produced by scattering 
(Rayleigh scattering) of sunlight through gas molecules and particles of the Earth's atmosphere 
(Strutt, 1871; Coemans et al., 1994). The pattern of linearly polarized skylight consists of circles 
of electric field-vectors (E-vectors), the oscillation-direction of the scattered sunlight, which are 




ing in all possible planes. The celestial E-vector pattern is linked to the position of the sun and, 
therefore, changes with the diurnal and annual movement of the sun. The only constant feature is 
the solar and antisolar meridian, which forms a plane of symmetry across the sky. Depending on 
the viewing direction, the degree of polarization changes within the celestial hemisphere from 
zero near the sun to 75% in the zenith when the sun is close to the horizon and the air is clear 
and dry (Wehner & Labhart, 2006). Colored gradients along the sky arise as a result of atmos-
pheric scattering (Coemans et al., 1994). 
Especially insects use the polarized light pattern of the blue sky for navigation. The honey-
bee Apis mellifera uses the E-vector of polarized light to inform its hive mates about the location 
of a food source by performing the so-called tail-waggle dance (von Frisch, 1949). The polariza-
tion compass of the honeybee works even if only small patches of blue sky are visible (reviewed 
in Wehner & Labhart, 2006). The desert ant Cataglyphis bicolor (Wehner, 2003) as well as the mon-
arch butterfly Danaus plexippus (Reppert et al., 2004) use the polarization pattern for navigation. 
However, usage of a sky compass based on polarized light is not restricted to diurnal insects. The 
African dung beetle Scarabaeus zambesianus uses the polarization of the moonlit sky to orientate 
itself by rolling a ball of dung away in a straight line (Dacke et al., 2003). Under laboratory condi-
tions, the fly Musca domestica (von Philipsborn & Labhart, 1990), the cricket Gryllus campestris 
(Brunner & Labhart, 1987; Henze & Labhart, 2007), and the locust Schistocerca gregaria (Mappes & 
Homberg, 2004) show orientated behavior under polarized light. The polarization-sensitive pho-
toreceptors of bees, ants, and flies are UV-sensitive, while those of crickets and locusts are sensi-
tive to blue, and those of the cockchafer are sensitive to green light, indicating that the polariza-
tion compass is monochromatic (Labhart & Meyer, 1999; Horváth & Varjú, 2004). 
 
 
Polarization vision pathways in the brain 
 
Because of their large size, the cricket Gryllus campestris and the locust Schistocerca gregaria are well 
suited for studying the neuronal mechanisms underlying polarization vision. Both animals have a 
dorsal rim area (DRA) with fan-like arranged analyzer pairs suitable for  the detection of sky po-
larization (Labhart & Meyer, 1999; Homberg & Paech, 2002). Each analyzer pair consists of two 
sets of retinula cells with orthogonally arranged microvillar orientations (Wehner & Labhart, 
2006). In the DRA, the ommatidia differ considerably in size and shape from the ommatidia of 
the rest of the eye (non-DRA). The rhabdoms are shorter in length to reduce self-screening and 
have a larger cross-sectional area which increases sensitivity. Furthermore, the optics of the DRA 
ommatidia are degraded, whereas the visual field of the photoreceptors is increased (Labhart & 
Meyer, 1999; Homberg & Paech, 2002). Dextran injections revealed that the photoreceptors from 
the DRA project to dorsal rim areas in the lamina and medulla of the optic lobe (Homberg & 
Paech, 2002). In the cricket, the dorsal rim area of the medulla is connected via a commissural 
interneuron, termed POL1, with the medulla of the other hemisphere (Labhart & Petzold, 1993; 
Labhart & Meyer, 2002). The POL1 neuron was the first polarization-opponent neuron that was 
investigated electrophysiologically (Labhart, 1988). Under stimulation with polarized light this 
neuron is maximally excited by a particular E-vector orientation, termed max, and maximally 
inhibited by an E-vector orientation orthogonal to max.  
Tracer injections in locusts revealed that neurons from the medulla project via the anterior 
optic tract through the outer lobe of the lobula into the lower unit of the anterior optic tubercle 
(AOTu) (Homberg et al., 2003). The AOTu has been studied intensively in the locust and pro-
vides input to four neuron types: LoTu1 and TuTu1 neurons that connect the anterior optic tu-
bercles of both hemispheres, and TuLAL1a and 1b neurons that project to two small regions in 
the lateral accessory lobe (LAL), the lateral triangle and the median olive (Fig. 1; Pfeiffer et al., 
2005; Kinoshita et al., 2007; Pfeiffer & Homberg, 2007). LoTu1 and TuTu1 show spectral differ-
ences in their response to unpolarized light stimuli (Kinoshita et al., 2007). While dorsally pre-
sented unpolarized blue light inhibited both neurons, laterally presented UV or green light re-
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sulted in opponent responses. One subtype of the TuTu1 neurons was excited by UV and inhib-
ited by green light, while the LoTu1 neurons showed the opposite response. These neurons are 
not only suited to code for the polarization pattern of the blue sky, but also for chromatic con-
trasts. Light with longer wavelengths, e.g. green light, dominates in the solar hemisphere, whereas 
light with short and long wavelengths in similar intensities exists in the antisolar hemisphere. Be-
sides, the combination of information about the polarization pattern and the chromatic contrast 
enables the locust to compensate diurnal differences resulting from deviations in solar elevation 
(Pfeiffer & Homberg, 2007). 
The LAL is the input structure into the central complex. The central complex consists of 
the protocerebral bridge (PB), the upper (CBU) and lower division of the central body (CBL), 
and the paired noduli (Müller et al., 1997; Heinze & Homberg, 2008) and contains at least 13 
types of polarization-sensitive neurons which have been studied intensively (Fig. 1; Vitzthum et 
al., 2002; Heinze & Homberg, 2007, 2008, 2009; Heinze et al., 2009). Two main classes of polari-
zation-sensitive neurons have been distinguished: Tangential neurons and columnar neurons. 
Physiological properties of all neuron types provide some indication of the direction of informa-
tion flow through the central complex. A compass-like topographic representation of E-vectors, 
which is very well suited to encode for head orientation under the open sky, exists in the 16 col-
umns of the PB (Williams, 1975; Heinze & Homberg, 2007). At the level of the input stage into 
the central complex three types of tangential neurons, TL1, TL2, and TL3, have been identified 
and send axonal projections to the CBL. TL2 neurons receive their input exclusively from the 
lateral triangle, whereas TL3 neurons have dendritic ramifications only in the median olive (Vitz-
Fig. 1 Schematic illustration of the main parts of central complex showing the proposed neuronal connections between input 
neurons to, and intrinsic neurons in the central complex as part of the polarization vision pathway (modified from el Jundi et 
al., 2010; Heinze & Homberg, 2009). TuLAL1a/b neurons receive their input from the lower unit of the anterior optic tuber-
cle (AOTu) and provide synaptic input to TL2/3 neurons with ramifications in the lateral triangle (LT) and/or median olive 
(MO) (Pfeiffer et al., 2005; Träger et al., 2008). TL2/3 neurons mediate polarization input into the central complex through 
axonal processes in the lower division of the central body (CBL). The CL1a neurons receive input in the CBL and project to 
the protocerebral bridge (PB). The 16 columns in the PB are connected with each other by the TB1/2 neurons that addition-
ally provide polarization sensitive signals to the posterior optic tubercle (POTu) (Heinze & Homberg, 2007). The output of 
the PB is transmitted by CP1/2 and CPU1 neurons to various areas in the lateral accessory lobe (LAL). The CPU1 neurons 
additionally receive input from the upper division of the central body (CBU). 
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thum et al., 2002). The LALs of both hemispheres are further connected with the PB via the co-
lumnar neurons CPU1 and CP1/2. Additionally, the PB receives input from the CBL via the co-
lumnar neurons of type CL1 and from the posterior optic tubercle (POTu) via the tangential neu-
rons TB1/2 (Heinze et al., 2009). All of these neurons show polarization opponent responses to 
polarized light stimuli. Neurons at the input level (TL2/3) show the strongest response, meas-
ured by calculation of the relative response amplitude, compared to neurons at the output level 
(TB1/2, CPU1 and CP1/2). Following the information flow through the central complex, an 
expansion in receptive fields of the neuron types mentioned above has been observed. Owing to 
this high density of polarization-sensitive neurons, the central complex is considered as internal 
sky compass within the polarization vision pathway. How is this internal sky compass connected 
to the behavior of the animal that shows such a fascinating orientation to polarized light as de-
scribed above? Heinze and Homberg (2009) described two neurons that might transmit output 





Commonly, descending neurons mediate highly processed signals from the brain to the motor 
centers of the thoracic ganglia. About 200 bilateral pairs of neurons descend from the brain of 
the cricket Gryllus bimaculatus to the thoracic ganglia (Staudacher, 1998). These descending neu-
rons have wide arborizations in the posterior protocerebrum of the brain, but no ramifications in 
the optic lobe, the mushroom bodies, or the central body (Staudacher, 1998; Heinrich, 2002). In 
addition to arborizations in the posterior protocerebrum, they often have ramifications in the 
deutocerebrum. Their somata are arranged in clusters (n = 17) situated in the protocerebrum (10) 
including the pars intercerebralis (1), the deutocerebrum (5), and the tritocerebrum (1). Two main 
classes of descending neurons, with respect to the side of their somata, are distinguishable: The 
first type descends through the ipsilateral connective and the second descends, after crossing the 
midline within the brain or through the tritocerebral commissure, through the contralateral con-
nective. In addition to neurons descending from the brain, about 150 neurons descend ipsi- or 
contralaterally from the suboesophageal ganglion (SOG). All of these 150 neurons have axons 
running through several thoracic ganglia, except one neuron type which terminates in the protho-
racic ganglion (Kien et al., 1990). 
Within the thoracic ganglia, descending neurons affect central rhythm-generating circuits, 
project to premotor interneurons or directly to motoneurons (Heinrich, 2002). As one of the first 
authors, Williams (1975) described some of the larger descending neurons in the desert locust. To 
date, only one descending neuron has been associated with a particular neurotransmitter. The 
tritocerebral dwarf (TCD) of the locust is immunoreactive with antisera to -amminobutyric acid 
(GABA), suggesting that it provides inhibitory signals to downstream neurons (Tyrer et al., 1988). 
The activity of descending neurons strongly depends on the ongoing activity of the animal (e.g. 
totally silenced, spontaneous behavior, or behavior upon other sensory stimulation), and most 
descending neurons respond to more than one stimulus modality and are preferentially activated 
by a specific combination of stimuli. Hence, functional studies are complicated (Kien, 1976; 
Rowell & Reichert, 1986; Heinrich, 2002). In spite of these difficulties, some descending neurons 
were successfully investigated, including neurons that mediate escape behavior (Bacon & Straus-
feld, 1986), control different stridulatory motor patterns (Hedwig & Heinrich, 1997), or initiate 
pheromon-mediated behavior in the male silkworm moth Bombyx mori (Mishima & Kanzaki, 
1999). 
In the locust Schistocerca gregaria, descending neurons have been studied intensively. One ex-
ample, the DCMD-neuron, mediates escape response to approaching objects or looming stimuli 
(Rind and Simmons, 1999; Santer et al., 2006), others, termed 'deviation detector neurons', re-
spond to deviations from the normal flight posture mediated by visual and wind cues (e.g. Rowell 
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& Reichert, 1986; Hensler, 1992). In contrast, nothing is known at present about polarization-





As mentioned above, the locust Schistocerca gregaria is able to maintain constant migratory direc-
tions independent of changing wind directions (Kennedy, 1945, 1951). In order to do so, the 
locust needs a time-compensated sky compass. All animals that navigate with respect to celestial 
cues need to change their navigational angles relative to the position of the sun over the course of 
the day. Behavioral data showed that the internal sun compass of honeybees, ants, and monarch 
butterflies is time-compensated (Lindauer, 1960; Wehner, 1992; Mouritsen & Frost, 2002). How 
this time-compensation is achieved is unknown. Neither the neurons of the AOTu nor the cen-
tral-complex neurons provide evidence for time-compensation in E-vector signaling. At least at 
the level of descending neurons, time-compensation should be included because the integration 
of daytime information with information about position of the sun is indispensable. The ana-
tomical localization in the brain where this putative integration is achieved is presently unknown. 
Recently, el Jundi and Homberg (2010) provided evidence that possibly a second polarization 
vision pathway in the locust brain connects the accessory medulla with the POTu and, thus, to 
the known neurons from the central complex. Like the TuTu1 neurons from the AOTu, intertu-
bercle neurons connect both posterior optic tubercles. 
The accessory medulla is considered as the site of the internal circadian clock in cock-
roaches, crickets, flies, and beetles (Helfrich-Förster et al., 1998). So far, direct evidence for its 
role as an internal clock in locusts is lacking, but close relationship to the cockroach and ana-





The behavior of the animal is influenced by the neurons described above. To investigate the lo-
comotor or flight behavior, researchers study the behavior of an animal in wind tunnels or arenas 
with different stimuli around the tethered or freely moving animal like a striped drum or rotating 
filters from above or underneath. During locomotion, a continuous flow of image motion moves 
across the observer's retina. Animals use control mechanisms, 'optomotor responses', to stabilize 
this optic flow. Such an optomotor response is turning in the direction of the motion to maintain 
a straight course (Kirschfeld, 1997; Srinivasan et al., 1999; Srinivasan & Zhang, 2000; Egelhaaf, 
2006; Borst et al., 2010). Many behavioral studies have focused on optomotor responses of in-
sects elicited by moving black-and-white patterns (e.g. Götz, 1972; Egelhaaf & Borst, 1993; Rind, 
2002). Like the polarization vision system, the motion detecting system that mediates optomotor 
responses, is color-blind (Schlieper, 1927; Srinivasan, 1985; Schaerer & Neumeyer, 1996; Yama-
guchi et al., 2008). Similar to black-and-white patterns, patterns consisting of E-vector contrast 
can also elicit optomotor responses as described by crabs, honeybees, flies, backswimmers, or 
waterstriders (Horváth & Varjú, 2006; Wehner & Labhart, 2006; Glantz, 2008). 
 
 
Scope of this work 
 
Until now, nothing is known about descending polarization-sensitive neurons in any animal, and, 
furthermore, there has not been any evidence for time-compensated neurons within the internal 
sun compass. The major scope of this doctoral thesis was to characterize and identify descending 
neurons signaling polarized light information to thoracic motor centers that finally influence the 
behavior of the animal. To achieve that goal, I introduced (with support of Dr. Klaus Hensler) 
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the technique of recording from neck-connectives to our laboratory and performed routine and 
stable recordings from descending neurons. Based on anatomical and physiological properties, I 
characterized two neuron types whose E-vector tuning changes linearly depending on daytime 
and, additionally, one neuron type that connects only the SOG to the prothoracic ganglion. 
Moreover, I found some descending neurons that curiously respond only to one rotation direc-
tion of dorsally presented polarized light. Compared with findings from behavioral studies of 
tethered flying locusts, these direction-sensitive descending neurons could be involved in per-
forming optomotor responses. Furthermore, I had a closer look at the input stage into the central 
complex. Within the LAL a highly specialized synaptic contact of the polarization vision pathway 
was analyzed in detail. This synaptic contact is the only confirmed connection between neurons 
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Many animal species, in particular insects, exploit the E-vector pattern of the blue sky for sun compass navigation. Like other 
insects, locusts detect dorsal polarized light via photoreceptors in a specialized dorsal rim area of the compound eye. Polarized 
light information is transmitted through several processing stages to the central complex, a brain area showing a compass-like 
topographic representation of celestial E-vectors. To investigate how polarized light information is transmitted to thoracic 
motor circuits, we studied the responses of locust descending neurons to polarized light. Three sets of polarization-sensitive 
descending neurons were characterized through intracellular recordings from axonal fibers in the neck connectives combined 
with single cell dye injections. Two descending neurons from the brain, one with ipsilaterally and the second, with contralater-
ally descending axon are likely to bridge the gap between polarization-sensitive neurons in the brain and thoracic motor cen-
ters. In both neurons, E-vector tuning changed linearly with daytime suggesting that they signal time-compensated spatial 
directions, an important prerequisite for navigation using celestial signals. The third type connects the suboesophageal ganglion 
(SOG) with the prothoracic ganglion. It showed no evidence for time-compensation in E-vector tuning, and might play a role 




Many insects, crustaceans, arachnids, and representa-
tives of several vertebrate taxa are able to detect the 
polarization pattern of the blue sky and use it, in addi-
tion to direct sunlight, for navigational tasks (Horváth 
and Varjú, 2004; Wehner and Labhart, 2006). At the 
neuronal level, polarization vision pathways in the 
brain have been studied most extensively in locusts 
and crickets (Labhart and Meyer, 2002; Homberg, 
2004). In these insects, the central complex is a major 
processing stage for polarized light (Vitzthum et al., 
2002; Heinze and Homberg, 2007, 2009; Sakura et 
al., 2008; Heinze et al., 2009). Heinze and Homberg 
(2009) showed that polarization-sensitive (POL-) 
neurons connect the central complex to the lateral 
accessory lobes and the posterior protocerebrum, 
brain areas that are innervated by intersegmental 
neurons (Williams, 1975; Strausfeld and Seyan, 1985; 
Okada et al., 2003). Although polarization-mediated 
behavior in insects has been studied extensively (bees 
and ants: Wehner and Rossel, 1985; Wehner, 2003; 
crickets: Brunner and Labhart, 1987; Henze and Lab- 
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hart, 2007; flies: von Philipsborn and Labhart, 1990; 
beetles: Dacke et al., 2003; locusts: Mappes and 
Homberg, 2004; butterflies: Reppert et al., 2004), the 
anatomical and functional connections from POL-
neurons in the brain to thoracic motor centers have 
not been explored in any species.  
Descending neurons mediate behaviorally rele-
vant signals from the brain to motor circuits in the 
thoracic ganglia. They activate or modify thoracic 
networks or control specific parameters of a behavior 
depending on stimulus conditions. Previous studies on 
descending visual neurons have analyzed looming-
sensitive neurons mediating escape (Rind et al., 2008; 
Yamawaki and Toh, 2009; Fotowat et al., 2009), 
deviation detector neurons controlling flight balance 
(Griss and Rowell, 1986; Rowell and Reichert, 1986; 
Hensler, 1988; Hensler and Rowell, 1990; Hensler, 
1992), neurons coding for selfmotion (Wertz et al., 
2008, 2009a, b), target-selective neurons mediating 
prey detection (Olberg, 1986; Frye and Olberg, 1995), 
and figure detecting neurons involved in flower rec-
ognition (Sprayberry, 2009). 
The polarization pattern of the blue sky is fixed to 
the position of the sun and, therefore, changes during 
the day as the sun moves across the sky. Animals that 
use the sun or polarization pattern for navigation have 
to compensate that shift, based on daytime informa-
tion and knowledge of the local solar ephemeris func-
tion. In flies, cockroaches and bugs, master circadian 
clocks have been associated with the accessory me-
dulla in the optic lobe (Helfrich-Förster et al., 1998; 
Homberg et al., 2003; Vafopoulou et al., 2010). In 
contrast, Merlin et al. (2009) found circadian clocks in 





the antennae of the monarch butterfly and suggested a 
role in time compensation for navigation. 
The present study employed intracellular re-
cordings to identify and characterize polarization-
sensitive descending neurons in the desert locust. 
Three types of POL-neurons were characterized. Two 
of these cell types show evidence for time-
compensation in E-vector tuning. The data close the 
gap between processing of polarization information in 
the brain and behavioral output mediated by thoracic 
motor centers.  
 
Materials and Methods 
Preparation of animals. Locusts (Schistocerca gregaria) raised 
under 12L:12D photoperiod, 50% relative humidity, and a tempera-
ture cycle of 28°C during the night and 35°C during the day were 
taken from crowded colonies at the University of Marburg. Adult 
animals of both sexes were used 1-3 weeks after imaginal moult. 
They were anesthetized by cooling for 15-30 min and waxed onto a 
metal holder in horizontal position. In some cases the tibiae of the 
hind legs were cut off. A 3×5 mm window was cut dorsally into the 
pronotum. After removal of gut, tracheal air sacs, fat bodies, and 
the tissue membrane between gut and ventral body cavity the neck 
connectives between suboesophageal- and prothoracic ganglia were 
exposed. Using a glass hook the neck connectives were manipu-
lated into two grooves of a rectangular platform (1×2 mm) made of 
platinum. The connectives were submersed in locust saline at all 
times to prevent desiccation (Clements and May, 1974). 
Electrophysiology. For intracellular recordings, microelec-
trodes (resistance 10-50 MΩ) were drawn from borosilicate capil-
laries (0.75 mm inner diameter, 1.5 mm outer diameter; Hilgen-
berg, Malsfeld, Germany) using a Flaming/Brown horizontal puller 
(P-97, Sutter, Novato, CA). Their tips were either filled with a 3% 
aqueous solution of fluorescent dextran (Alexa 488 or 647; 10 000 
MW, anionic, fixable; Invitrogen, Karlsruhe, Germany) or with 4% 
Neurobiotin (Vector Laboratories, Burlingame, UK) in 1 M KCl 
and backed up with 1 M KCl. Intracellular signals were amplified 
(10×) with a custom-made amplifier and monitored with an audio-
monitor and a digital oscilloscope (Hameg HM 305; Hameg, 
Frankfurt/Main, Germany). After sampling at a rate of 10 kHz with 
a Digidata 1322A (Molecular Devices, Sunnyvale, CA, USA), 
signals were stored on a personal computer using PClamp9 soft-
ware (Molecular Devices). Some recordings were digitally high 
pass filtered to compensate for shifts in baseline. After recording, 
the tracer was injected iontophoretically into the cell with constant 
hyperpolarizing current (2-10 nA for 1-36 min, dextran) or constant 
depolarizing current (2-7 nA for 1-65 min, Neurobiotin). 
Visual stimulation. For visual stimulation a xenon arc (XBO 
150 W) was used as light source. It was connected via a light guide 
(Schölly, Denzlingen, Germany; spectral range 400-800 nm) to a 
perimeter (50 cm in diameter) placed around the animal. Either a 
linear polarizer (HN38S, Polaroid, Cambridge, MA) or a neutral 
density filter of equal transmission to present unpolarized light was 
moved into the light path (irradiance: 105 µW/cm2, angular size: 
3°). The polarizer was rotated via custom build hard- and software 
by 360° counterclockwise or clockwise at speeds between 15°/s 
and 60°/s. An E-vector orientation parallel to the longitudinal axis 
of the animal was defined as 0°. To investigate the receptive field 
size of the recorded neurons, the polarizer was presented from 
different elevations along the right-left-meridian, covering a range 
from 0° elevation on either side of the animal up to 90° elevation 
(zenith).  
In addition, a moving grating was presented in front of the lo-
cust. The grating consisted of a piece of cardboard with alternating 
black and white bars (cardboard 7×18 cm; alternating stripes 7×1 
cm). It was moved by hand at a distance of about 5 cm in front of 
the animal from right to left and vice versa.  
Data analysis. Sampled spike trains were stored on a com-
puter and evaluated using Spike2 software (Cambridge Electronic 
Design, UK) with implemented, custom designed scripts. Action 
potentials were detected with threshold based event detection. By 
using a gliding average algorithm at a bin size of 1 s, the detected 
events could be visualized as mean frequency. Mean background 
activities during darkness were obtained from counts of spikes in a 
defined time interval (usually 12 s) before and between visual 
stimuli. Neuronal responses to polarized light were analyzed using 
Oriana 2.02a (Kovach Computing Services, Anglesey, UK) for 
circular statistics and Origin 6.0 (Microcal, Northhampton, CA) for 
curve fitting. Events within each 360° rotation of the polarizer were 
assigned a corresponding E-vector angle to quantify responses to 
polarized light. A list of these angles was exported for each E-
vector rotation and all individual and combined rotations of each 
neuron were tested statistically for polarization sensitivity. If the 
distribution of these angles during E-vector rotation was signifi-
cantly different from randomness (Rayleigh-test for axial data), a 
neuron was rated polarization-sensitive. The mean angle of the 
distribution was defined as the Φmax-value of that neuron. Differ-
ences in Φmax-values of clockwise and counterclockwise rotations 
were statistically analyzed with Student's t-test for paired samples 
using SPSS software (version 11.5; significance level, 0.05), after 
the data were tested for normal distribution using the Kolmogorov-
Smirnov test (significance level, 0.05). 
To calculate the amplitude of frequency modulation and thus 
the strength of a polarized-light response (response amplitude = R), 
each filter rotation was divided into 20° bins. The spiking fre-
quency within each bin was calculated, as well as the mean fre-
quency over all bins. The summed, absolute difference between the 
mean frequency and the individual frequencies was defined as the R 
value of that polarized-light response. R values derived from rota-
tions at different rotation velocities were directly comparable, 
owing to the usage of frequencies (impulses per second) rather than 
spike counts per bin (Labhart, 1996; Pfeiffer, 2006).  
For evaluation of receptive fields, the R values of polarized-
light responses to a rotating polarizer presented from different 
elevations were calculated. For each neuron, these R values were 
normalized with respect to the largest value, i.e., the center of the 
receptive field, and finally plotted against the elevation. The mean 
receptive field of a neuron type was established by averaging the 
means of all recorded neurons at each elevation. 
For estimation of daytime relations, the preferred E-vector 
orientations were plotted against time of recording. Linear regres-
sion and correlation analysis were performed in Origin 6.0 soft-
ware. The correlation coefficient (Rcor) was calculated, and the 
significance of the regression was tested with Student's t-test 
against a regression line with a slope of zero (significance level, 
0.05). Circular activity plots of the polarization-sensitive neurons, 
receptive field plots, a plot showing elevation-dependent differ-
ences in Φmax, distribution of Φmax plots and the plot showing rela-
tion between Φmax and daytime were created in Origin 6.0 (Micro-
cal, Northhampton, CA). 
Histology. After recording, the thoracic cavity was rinsed with 
locust saline and the window in the pronotum was sealed with a 
piece of tissue. The locust was incubated over night in a moist 
chamber by 4°C to allow diffusion of the tracer. On the next day the 
brain and ventral nerve cord without the free abdominal ganglia 
were dissected out and fixed in a mixture of 4% paraformaldehyde, 
0.25% glutaraldehyde and 2% saturated picric acid (in 0.1 M phos-
phate buffer) over night at 4°C. Ganglia were processed as whole 
mounts. They were rinsed 4 × 15 min in PBS, dehydrated through 
an increasing ethanol series (25%, 50%, 70%, 90%, 95%, 100%; 15 
min each), transfered to a 1:1 mixture of ethanol and methylsalicy-
late for 15 min and, finally, cleared in methylsalicylate for at least 
45 min. When Neurobiotin was injected into the neurons, ganglia 
were incubated with Cy3-conjugated Streptavidin (Dianova, Ham-
burg, Germany; 1:1000) for three days at 4°C in PBT (PBS, includ-
ing 0.5% Triton X-100) followed by rinsing with PBT (3 × 10 min) 
and PBS (6 × 30 min). Ganglia were finally mounted in Permount 
(Fisher Scientific, Pittsburgh, PA) between two coverslips. Adhe-
sive strips were used as spacers to avoid compressions. Neurons 
were scanned with a confocal microscope (Leica TCS-SP2) 
equipped with a 10× oil immersion objective (HC PL APO 10×/0.4 
Imm Corr CS) at minimal pinhole size and intervals of 4 µm. 
Reconstructions based on the data stacks were performed using 
Adobe Photoshop CS2. 
To acquire higher morphological resolution of Neurobiotin-
injected neurons, some ganglia were rehydrated and embedded in 
albumin-gelatin (4.8% gelatin and 12% ovalbumin in demineralized 
water) for sectioning. Embedded ganglia were postfixed in 8% 
formaldehyde (in 0.1 M phosphate buffer) overnight at 4°C. Using 
a vibrating blade microtome (VT 1200S; Leica, Wetzlar, Germany) 





Figure 1. Morphology of the ipsilaterally descending brain neuron. Reconstruction of arborizations 
in the brain (posterior view), suboesophageal ganglion (SOG) and the three thoracic ganglia (dorsal 
view). Arborizations in all ganglia are confined to the ipsilateral hemispheres. Dendritic ramifications 
are in the posterior protocerebrum at the level of the posterior optic tubercle (arrow; POTu, gray-
shaded). The antennal mechanosensory and motor center (dotted line, asterisk) is invaded by 
beaded arborizations. An axonal fiber descends through the SOG with ramifications extending 
laterally and medially around the axon. In the prothoracic ganglion (Pro-TG), two characteristic 
areas of ramification extend laterally. The axon passes through the mesothoracic (Meso-TG) and 
metathoracic ganglion (Meta-TG) with only sparse sidebranches and could not be traced beyond the 
fused first abdominal ganglion. Scale bar: 200 µm. 
the ganglia were sectioned in thick sections (130 µm thickness; for 
details see Heinze and Homberg, 2008). These preparations were 
scanned at high resolution (40× or 63× objective, HCX PL Apo 
40×/1.25 oil or HCX PL Apo 63×/1.32 oil) and are shown as 
maximum intensity projections or as single optical sections. All 
images were optimized for contrast and brightness and described 
corresponding to the body axis. 
The rehydrated preparations were used for immunfluorescent 
colabeling with antibodies against γ-aminobutyric acid (GABA), 
serotonin, locustatachykinin II, A-type allatostatin, RFamide, or 
pigment-dispersing hormone, and against synapsin. For the detailed 
protocol and specificity of synapsin and serotonin immunostaining 
see Heinze and Homberg (2008). The anti-GABA antibody (NT-
108, Protos Biotech Corp., New York, USA) was raised in guinea 
pig. It was used at a dilution of 1:500. The anti-locustatachykinin II 
(Lom-TK II) antiserum (K1-50820091) was donated by Dr. Hans 
Agricola (University of Jena, Germany) and was used at a dilution 
of 1:30.000. Its specificity on S. gregaria brain sections has been 
characterized by Vitzthum and Homberg (1998). For staining of 
neurons containing A-type allatostatins (AST-A), an antiserum 
against Diploptera punctata allatostatin 7 (Dip-Ast7) was used. The 
antiserum was a gift from Dr. Hans Agricola and was used at a 
dilution of 1:15.000. Competitive enzyme-linked immunosorbent 
assays showed that the serum cross-reacts with other members of 
the A-type allatostatin family of peptides with a common 
Y/FXFGLamide C-terminus (Vitzthum et al., 1996). The anti-
FMRFamide antiserum (#671, used at 1:4.000) was generated 
against synthetic FMRFamide conjugated to thyroglobulin (Marder 
et al., 1987) and was generously supplied by Dr. Eve Marder 
(Brandeis University, Waltham, USA). Specificity tests by radio-
immunoassay showed cross-reactivity of the antiserum with various 
C-terminally extended -MRFamides and -LRFamides (Marder et 
al., 1987). The anti-pigment-dispersing hormone (PDH) serum (no. 
3B3, used at dilutions of 1:20.000) was raised in rabbit against 
conjugates of synthetic Uca pugilator/Cancer magister β-PDH and 
bovine thyroglobulin. Its specificity was demonstrated by Dircksen 
et al. (1987) and Homberg et al. (1991). 
 
Results 
Descending POL-neurons in the locust nervous 
system 
Through intracellular recordings combined with dye 
fills we identified three types of descending POL-
neurons in the nervous system of the desert locust. In 
total, 26 intracellular recordings were obtained from 
axons in the neck connectives or from neuronal proc-
esses in the posterior protocerebrum of the brain. Dye 
injections were successful in 17 neurons, belonging to 
three morphological types. Nine neurons that could 
not be stained were assigned to the three types based 
on their physiological response properties. Two of the 
three neuron types had descending axons from the 
brain, one descended through the ipsilateral and the 
other through the contralateral connective. The third 
type had no arborizations in the brain but was a con-
tralaterally descending neuron from the suboesophag-
eal ganglion (SOG). In some preparations, more than 
one cell was stained. In these cases, one of the neu-
rons, interpreted as the recorded cell, was stained 
more intensely, whereas others appeared less strongly 
fluorescent. The most likely reason for these colabel-
ings is dye leakage through injury of neighboring 
axons. 
The responses of the descending neurons to po-
larized light were highly variable. In some recordings 





the responsiveness varied in relation to arousal of the 
animal, which has also been observed by Kien (1976) 
and Rowell and Reichert (1986) in locust visual in-
terneurons. Two spontaneous types of arousal 
changes could be distinguished. The first type is char-
acterized by spontaneous activity bursts of the animal 
correlated with high spiking frequency of the re-
corded neuron; a previously quiescent animal sud-
denly began a series of vigorous movements which 
quickly subsided leaving the animal as quiet as be-
fore. The second type is characterized by spontaneous 
activity changes of the recorded cell without observ-
able movements of the animal. In some cases the 
arousal changes were correlated with the presented 
stimuli but in most cases the ongoing activity changes 
of the neuron were apparently independent of visual 
input. These arousal changes made it difficult to 
evaluate the responses to the presented visual stimuli 
because the neurons were either highly responsive or 
unresponsive. E-vector rotations that were accompa-
nied by spontaneous activity bursts of type one were 
not included in the analysis. The level of responsive-
ness of a preparation could change spontaneously 
over periods of minutes in either direction. Rowell 
and Reichert (1986) reported that the visual responses 
of the DNC descending neuron were especially prone 
to such fluctuations. 
 
Ipsilaterally descending brain neurons 
Stable recordings from ipsilaterally descending POL-
neurons were obtained in six experiments with suc-
cessful staining in three 
cases. The morphologies 
of the stained neurons 
were indistinguishable, 
suggesting that all 
recordings were from the 
same neuron. Their 
somata were located near 
the posterior brain surface 
medio-ventrally from the 
calyces of the mushroom 
body (Fig. 1). Fine and, 
therefore, probably den-
dritic arborizations were 
concentrated in the 
posterior protocerebrum 
near but not within the 
posterior optic tubercle 
(see supplemental Fig. 
1A,B; available at 
www.jneurosci.org as 
supplemental material) 
and close to the posterior 
surface of the brain. 
Beaded and, therefore, 
probably output ramifica-
tions occurred in the an-
tennal mechanosensory 
and motor center (see 
supplemental Fig. 1C). An 
axonal fiber descended 
through the ipsilateral connective into the SOG and all 
thoracic ganglia and terminated with a few small 
sidebranches in the metathoracic ganglion (Meta-TG). 
Arborizations in the SOG and prothroacic ganglion 
had bleb-like and, therefore, presumably presynaptic 
endings in dorsal parts of the ganglia. All arboriza-
tions were restricted to the ipsilateral hemispheres of 
the ganglia. 
The ipsilaterally descending neurons (n = 6) had 
highly variable background activity ranging from less 
than 1 spike per second up to 47 impulses per second 
(mean ± SD; 17.8 ± 16.7 impulses per second). All 
neurons showed polarization opponency (Fig. 2), i.e. 
they were maximally excited by a particular E-vector 
(Φmax) and were maximally inhibited by an E-vector 
perpendicular to Φmax. Corresponding to the large 
variation in background activity, the activity during 
stimulation with polarized light was also highly vari-
able (R = 78.2 ± 40.7). The preferred E-vector orienta-
tions (Φmax) were 14°, 149° and 176° (not shown) and 
128° (Fig. 2C) for four neurons with somata in the left 
brain hemisphere and 36° and 70° for two neurons 
with somata in the right brain hemisphere (not 
shown). The receptive field to polarized light stimuli, 
measured in one recording, extended over a range of 
180° along the right-left meridian (not shown). One 
neuron, recorded in the left hemisphere was tested for 
motion sensitivity. The neuron was highly excited by 
the grating moving from right to left in front of the 
animal but remained silent during movement in the 
opposite direction (supplemental Fig. 2A).  
Figure 2. Responses of an ipsilaterally descending neuron to polarized light. A-C, Circular diagrams of mean 
frequencies of action potentials plotted against E-vector orientation during dorsal stimulation with a rotating 
polarizer. Background activity is indicated by a black circle within each plot. A, During counterclockwise rotations 
of the polarizer, E-vector tuning (Φmax) was at 142° (n = 7, error bars = SD, bin size 10°, p = 1.9 × 10-12). B, The 
preferred E-vector orientation during clockwise rotations (n = 7, error bars = SD, bin size 10°, p = 2.2 × 10-8) had 
a Φmax of 111° and differed significantly from Φmax during counterclockwise rotations (n = 7, p = 0.009; students t-
test for paired probes). C, Circular diagram from equal numbers (n =14) of clockwise and counterclockwise 
rotations revealed a Φmax of 128° (error bars = SD, bin size 10°, p < 10-12). D, Spike train (lower trace) and mean 
spiking frequency (upper trace, gliding average with bin size of 1 s) from the same neuron as in A-C during a 
counterclockwise (360° - 0°) and a clockwise (0° - 360°) rotation of the polarizer. 






Figure 3. Morphology of the contralaterally descending brain neuron. Reconstruction of arborizations 
in the brain (posterior view), suboesophageal ganglion (SOG) and the three thoracic ganglia (dorsal 
view). The neuron has its soma and presumably dendritic arborizations in the ipsilateral posterior median 
protocerbrum. The axon crosses the midline of the brain (arrow) and descends through the contralateral 
connective. Presumably presynaptic endings with beaded terminals are in the antennal mechanosensory 
and motor center (asterisk). The neuron descends through the SOG, thoracic ganglia and sends a fiber, 
which could not be traced further, into the connective toward the free unfused abdominal ganglia. All 
ramifications in the ventral nerve cord are confined to the contralateral hemisphere and have beaded, 
presumably presynaptic terminals in dorsal aspects of the ganglia. Scale bar: 200 µm. 
Contralaterally descending brain neurons 
Four contralaterally descending POL-neurons were 
recorded and stained. Again the morphologies of the 
neurons were indistinguishable, suggesting that re-
cordings were from the same neuron. Their cell bod-
ies were located in the posterior median pars inter-
cerebralis at the level of the central body (Fig. 3). 
Protocerebral ramifications were concentrated in the 
posterior protocerebrum near the posterior surface of 
the neuropil. The main axonal fiber crossed the mid-
line and descended through the contralateral connec-
tive to the SOG, all thoracic ganglia, and to the free 
abdominal ganglia, but their projections in the ab-
dominal ganglia could not be revealed. Terminals in 
the SOG and Pro-TG had a bleb-like structure, sug-
gesting output sites, and beaded endings were also 
found in the contralateral antennal mechanosensory 
and motor center in the brain. One neuron was re-
corded from the left connective and had its soma in 
the right brain hemisphere. The other three neurons 
were recorded from the input regions in the left brain 
hemisphere and descended through the right connec-
tive. 
Responses of the contralaterally descending neu-
rons (n = 4) to polarized light were weak compared 
with those of the ipsilaterally descending neurons and 
did not show strong fluctuations. The background 
activity varied between 0.6 and 16 impulses per sec-
ond (9.5 ± 8 imp/s; n = 3). Preferred E-vector orienta-
tions (Φmax) were at 70°, 87° and 102° (not shown) for 
the three neurons descending through the right con-
nective and 130° (Fig. 4C) for the fourth neuron de-
scending through the left connective. Motion stimuli 
were tested in one recording. The neuron showed 
strong responses with activation to moving black and 
white bars in front of the animal from left to right and 
vice versa (supplemental Fig. 2B). The motion re-
sponse showed considerable adaptation. 
 
SOG neurons 
Neurons descending from the SOG were recorded in 
16 experiments. Ten of these neurons were labeled. 
The somata of the stained neurons were located ante-
rior-laterally in the labial neuromere. Their arboriza-
tions in the SOG were restricted to a small tree lateral 
to the ipsilateral dorsal intermediate tract and blebbed 
contralateral branches leaving the axon and arborizing 
in the labial neuromere dorsal and lateral to the dorsal 
intermediate and ventral lateral tract. Neurons of this 
type had been described by Kien et al. (1990) as a 
cluster of three neurons. Their cell bodies, arboriza-
tions and axons lie closely together at the labial-
maxillary junction in the SOG, and at least one, but 
more likely two, of the axons terminate in the Pro-TG 
(Kien et al., 1990). The descending POL-neurons 
stained here (Fig. 5) shared all morphological features 
within the SOG with the neurons described by Kien et 
al. (1990). All neurons ramified with beaded endings 
in a narrow area of the contralateral Pro-TG close to 
the dorsal neuropil surface.  






Figure 5. Morphology of two descending neurons from the SOG, horizontal superimposed recon-
structions (dorsal view). The red neuron is mirrored. Both neurons differ slightly in morphology. 
They have their somata and presumably dendritic arborizations in posterior parts in the ipsilateral 
hemisphere of the SOG. Axons cross the midline (arrow), give rise to presumably presynaptic 
endings with bleb-like structures that partly overlap with the input region of the contralateral 
homologue and descend through the contralateral connective. The neurons have axonal beaded 
ramifications that differ slightly between the two cells in a narrow dorsal part of the prothoracic 
ganglion (Pro-TG). Scale bar: 200 µm. 
Figure 4. Responses of a contralaterally descending neuron to polarized light. A-C, Circular diagrams of mean 
frequencies of action potentials of the neuron against E-vector orientation during dorsal stimulation with a rotating 
polarizer. Each rotation-direction is shown separately. Background activity is indicated by a white circle within 
each plot. A, During counterclockwise rotations of the polarizer, the neuron had a preferred E-vector orientation 
(Φmax) of 157° (n = 5, error bars = SD, bin size 10°, p = 7.38 × 10-4). B, The preferred E-vector orientation during 
clockwise rotations (n = 5, error bars = SD, bin size 10°, p = 5.74 × 10-4) had a Φmax of 103°, and differed signifi-
cantly from Φmax during counterclockwise rotations (n = 5, p = 0.002; students t-test for paired probes). C, Circular 
diagram from equal numbers (n = 10) of clockwise and counterclockwise rotations revealed a Φmax of 130° (error 
bars = SD, bin size 10°, p = 0.005). D, Spike train (lower trace) and mean spiking frequency (upper trace, gliding 
average with bin size of 1 s) of the same neuron during a counterclockwise (360° - 0°) and a clockwise (0° - 
360°) rotation of the polarizer. 
The descending SOG neurons responded with 
polarization opponency to dorsally presented polar-
ized light. The neurons had a mean background activ-
ity of 4.9 ± 3.5 impulses per second (n = 15). Most 
SOG neurons showed strong modulation during 
stimulation with a 
rotating polarizer. They 
were activated up to peak 
frequencies of 20.2 ± 8.3 
impulses per second at 
Φmax and were usually 
totally silenced at Φmin 
(Fig. 6). Φmax values 
ranged from 3° to 137° 
and covered three-
quarters of the total 
possible range of E-
vectors (Fig. 8C). The 
Φmax distribution appear-
ed to be clustered around 
42° and 116° but was not 
significantly different 
from randomness (Rao's 
spacing test, p > 0.1). 
Eight neurons were tested 
for motion-sensitivity but 
showed only weak 
bidirectional responses to 
the moving grating 
(supplemental Fig. 2C). 
The bilateral size of the 
receptive field to polari-
zation stimuli was tested 
in ten recordings (Fig. 
7A). The response 
strength to laterally 
presented polarized light 
(0° lateral expansion) was as strong as the response to 
zenithal stimulation (90°), and all neurons were po-
larization sensitive over the tested range of 180° along 
the right-left meridian (Fig. 7B). In these neurons 
Φmax increased significantly when moving the polar-
izer from ipsilateral positions to positions in the con-
tralateral hemisphere (Rcor = 0.53, t test against the 
slope of zero: p = 0.00453; Fig. 7C).  
Five Neurobiotin-stained SOG neurons were 
tested for colabelling with antisera against FMRF-
amide, serotonin, Lom-TK II, AST-A and GABA but 
none of these substances could be demonstrated in the 
SOG neurons (supplemental Fig. 3). 
 
Distribution and daytime dependence of Φmax ori-
entations 
Judged by the striking morphological similarity in all 
stained preparations, the ipsi- and contralaterally 
descending POL-neurons from the brain probably 
exist only once per hemisphere. Φmax values calcu-
lated from the different recordings from descending 






Figure 7.  Receptive field properties of the descending SOG neurons when stimulated with polarized light. A, Response amplitudes from individual 
recordings, distinguished by different colors, plotted against elevation of polarized-light stimulus. Elevation is plotted with respect to the location of the soma 
and was sampled along the right-left meridian with respect to the locust. Values were normalized to the largest R value of each neuron (i.e. the receptive 
field center). Data points are connected by lines for better visibility. Dotted line indicates background variability for the neuron type, which has been renor-
malized with respect to the mean receptive field center. B, Average receptive field for the examined SOG neurons. Dotted line, background variability. 
Values are means ± SE. C, Deviations of Φmax values at different elevations from zenithal Φmax values. Differences in Φmax values are plotted against the 
elevation. A significant correlation was observed (Rcor = 0.53, p = 0.00453). Colors of data points correspond to the colors in A. 
brain neurons covered the full 180° range of possible 
E-vectors (not shown; Rao's spacing test, p > 0.95). 
When neurons with axons in the left (Fig. 8A) and 
right connective (Fig. 8B) were plotted separately, 
Φmax distributions appeared to be clustered around 
154° (Fig. 8A, left connective) resp. 74° (Fig. 8B, 
right connective) but in both cases, the distributions 
were not significantly different from randomness 
(Rao's spacing test, p > 0.1). Likewise, when Φmax  
orientations from ipsilaterally and contralaterally 
descending neurons were analyzed separately, the 
distributions were not 
significantly different 
from randomness (Rao's 
spacing test, p > 0.1; not 
shown). In common, all 
cell types showed higher 
Φmax values during coun-
terclockwise rotations of 
the polarizer than during 
clockwise rotations (Figs. 
2A,B; 4A,B; 6A,B). The 
ΔΦmax values of both brain 
neurons (mean ± SD: 
37.6° ± 12.2°; n = 8) 
differed significantly from 
the ΔΦmax values of the 
SOG neurons (48.4° ± 
7.4°; n = 15; p = 0.014; 
oneway-ANOVA). 
All recordings were 
performed between 9:00 
A.M. and 6:00 P.M. 
(CET). Figure 9 shows the 
Φmax values of all re-
cordings in relation to the 
time of recording. A linear 
correlation exists between 
the time of recording and 
E-vector tuning (Φmax) for 
the descending neurons 
from the brain if consid-
ered as a functional unit of 
ipsilaterally and contralat-
erally descending POL-neurons (Rcor = -0.9, t test 
against the slope of zero; p = 0.00039; Fig. 9A). The 
slope of the regression line indicates a shift in Φmax 
tuning of 21.5° per hour, covering 516° in 24 hours. 
No correlation between daytime and E-vector tuning 




We have characterized three types of descending 
Figure 6. Responses of an SOG descending neuron to polarized light. A-C, Circular diagrams of mean frequen-
cies of action potentials of the neuron against E-vector orientation during dorsal stimulation with a rotating 
polarizer. Each rotation-direction is shown separately. Background activity is indicated by a black circle within 
each plot. A, During counterclockwise rotations of the polarizer, the neuron had a preferred E-vector orientation 
(Φmax) of 70° (n = 11, error bars = SD, bin size 10°, p < 10-12). B, The preferred E-vector orientation (Φmax) during 
clockwise rotations (n = 11, error bars = SD, bin size 10°, p < 10-12) was at 27° and differed significantly from 
Φmax during counterclockwise rotations (n = 11, p < 0.001; students t-test for paired probes). C, Circular diagram 
from equal numbers (n = 22) of clockwise and counterclockwise rotations revealed a Φmax of 50° (error bars = 
SD, bin size 10°, p < 10-12). D, Spike train (lower trace) and mean spiking frequency (upper trace, gliding aver-
age with bin size of 1 s) of the same neuron during a counterclockwise (360° - 0°) and a clockwise (0° - 360°) 
rotation of the polarizer. 






Figure 9. Daytime dependent preferred E-vector orientations (Φmax) in descending POL-neurons. Φmax values of 
the three descending neuron types are plotted against standard time (CET) of recording. A, A correlation was 
observed for the combined values from the two types of brain descending neuron (Rcor = -0.9, t test against the 
slope of 0, p = 0.00039; y = -515.91x + 387.37), indicated by the regression line with 95% confidence intervals. 
Data from ipsilaterally descending neurons (triangles) and contralaterally descending neurons (dots) are in-
cluded. Neurons with axons in the left connective are shown in red and those with axons in the right connective, 
in blue. B, No correlation was observed for the descending SOG neurons (Rcorr = 0.11, p = 0.97). Most SOG 
neurons were recorded from the left connective (red squares), only one recording was from the right connective 
(blue square). 
neuron in the nervous system of the desert locust that 
are sensitive to the E-vector orientation of dorsally 
presented polarized light. Based on morphological 
similarities of the stained neurons, we suggest that the 
recordings were from two bilateral pairs of descend-
ing brain neurons, one with ipsilaterally and the other 
with contralaterally descending axon, and from two 
bilateral pairs of descending SOG neurons. Given the 
established role of dorsal eye regions in detecting the 
polarization pattern of the sky (Labhart and Meyer 
1999), the neurons are likely to be involved in behav-
ioral responses to sky polarization such as sky com-
pass orientation. The ipsilaterally descending neuron 
and the SOG neurons responded with polarization 
opponency in wide receptive fields that covered the 
whole sky hemisphere in bilateral extension. All 
neurons were multisensory and responded, in addition 
to polarized light, to large-field motion stimuli.  
 
POL-neurons descending from the brain 
Both brain neurons responded with sinusoidal activity 
changes to a rotating polarizer. Whereas the ipsilater-
ally descending neuron showed strong variations in 
the responses, the contralaterally descending neuron 
in general had lower background activity and re-
sponded less strongly to 
polarized light. Both 
neurons showed strongest 
activities in response to 
moving bars. The ipsi-
laterally descending brain 
neuron has remarkable 




ron) described by Rind 
(1990a). The PDDSMD 
neuron is sensitive to mo-
tion stimuli signaling yaw 
deviations with preferred 
direction backward across 
the ipsilateral eye and 
forward across the contra-
lateral eye. Corresponding-
ly, the ipsilaterally de-
scending neuron studied 
here was excited by frontal 
horizontal motion only 
when movement occurred 
toward the ipsilateral but 
not toward the contralat-
eral eye. The contra-
laterally descending POL-
neuron was described by 
Williams (1975) as one of 
a pair of neurons with 
somata in the pars inter-
cerebralis termed PI(2):5 
and PI(2):6. In contrast to 
the PI(2):5 neuron, 
PI(2):6, recorded here, has 
no processes extending to the lateral ocellar tract and 
a less pronounced antero-ventral branch. Both neu-
rons share extensive superficial arborizations in the 
postero-ventral brain (Williams, 1975). The PI(2):5 
neuron was physiologically characterized as one of 
several descending deviation detector neurons in 
flying locusts (Hensler and Rowell, 1990; Hensler, 
1988), but PI(2):6 has not been studied physiologi-
cally before. 
Because of their polarization-sensitivity, we sug-
gest that the two descending brain neurons character-
ized here supplement the hitherto known polarization 
vision pathway and are likely to bridge the gap be-
tween the brain and thoracic motor circuits. Judged by 
their ramifications in the posterior protocerebrum, 
both neurons might receive polarization-sensitive 
input from the LAL-pPC neuron described by Heinze 
and Homberg (2009). The LAL-pPC neuron receives 
input in the lateral accessory lobe (LAL) and gives 
rise to bilaterally symmetric output ramifications in 
the posterior protocerebrum. Therefore, the ipsi- and 
contralaterally descending POL-neurons might re-
ceive the same polarized-light input signals. Addi-
tionally, both neurons are highly sensitive to horizon-
 
Figure 8.  Distribution of Φmax values in the three types of descending neuron. A, Φmax values from brain POL-
neurons with descending axons in the left connective. E-vector orientations (ipsilaterally descending: black; 
contralaterally descending: red) seem to be clustered around 154° but the distribution is not significantly different 
from randomness (Rao's spacing test, p > 0.01). B, Φmax values from brain POL-neurons with descending axons 
in the right connective. Φmax values are clustered around 74° but the distribution is not significantly different from 
randomness (Rao's spacing test, p > 0.1; same color-code as in A). C, Φmax values of all SOG neurons (the red 
value is mirrored) descending through the left connective. Φmax values are clustered around 42° and 116° but 
the distribution is not significantly different from randomness (Rao's spacing test, p > 0.1). 





tal motion. In free flight, changes in flight direction 
caused by lateral wind or yaw maneuvers would cre-
ate both a polarization signal from the sky and a yaw 
motion signal from the surrounding landscape. Both 
signals apparently converge on the brain descending 
neurons studied here and might result in robust cod-
ing of changes in head orientation under various sky 
and ground contrasts. Testing both stimulus modali-
ties in the same recording will show how both inputs 
exactly interact and complement each other.  
The putative output ramifications of the descend-
ing POL-neurons are concentrated in dorsal parts of 
the thoracic ganglia where thoracic motor neurons 
receive their input (Siegler et al., 1991; Schlurmann 
and Hausen, 2007). Hence, the descending POL-
neurons are likely to provide a direct signal to tho-
racic motor centers and might be the final interneu-
rons of the polarization vision pathway from the re-
ceptor cells in the DRA and leg or wing motor neu-
rons. 
 
Polarization vision and time-compensation 
A crucial requirement for a sky compass network that 
controls migratory directions is to achieve time-
compensation, i.e. to continuously adjust its calcula-
tions as the sun moves across the sky during the day. 
Because the polarization pattern of the blue sky is 
generated by sunlight, it moves across the sky during 
the day with an average change in solar azimuth of 
15° per hour. Time compensation accounting for this 
shift has been shown in behavioral experiments in 
honeybees, ants and monarch butterflies (Lindauer, 
1960; Wehner, 1992; Mouritsen and Frost, 2002). 
Pfeiffer and Homberg (2007) suggested that a day-
time dependent compensation for changes in solar 
elevation operates in the anterior optic tubercle of the 
locust, an input stage to the central-complex network. 
How and at what stage of the polarization vision 
pathway solar azimuth compensation is achieved is 
currently unclear. El Jundi and Homberg (2010) pro-
vided evidence for the existence of a second polariza-
tion vision pathway in the locust brain that connects 
the accessory medulla to the posterior optic tubercle 
and thus to the polarization vision network in the 
central complex. In the fruit fly Drosophila 
melanogaster and the cockroach Leucophaea 
maderae the accessory medulla is the site of the cir-
cadian clock controlling circadian changes in locomo-
tion and other behaviors (Helfrich-Förster et al., 
1998; Homberg et al,. 2003, Helfrich-Förster, 2004), 
but whether this is also true for the locust, remains to 
be seen. 
The two descending brain neurons show E-vector 
tunings that are linearly correlated with time of day. 
Convergent information from the internal sky com-
pass and the circadian clock therefore occurs in the 
brain at or upstream of the dendritic ramification of 
the descending neurons. For a compensation of solar 
azimuth changes, the Φmax values of time-
compensated POL-neurons should change by about 
15° per hour which accounts for 360° azimuth 
changes in 24 hours. The slope of the regression 
curve (21.5° per hour) is close to this relation. Be-
cause all locusts used here were reared under labora-
tory conditions, the diurnal shift in E-vector tuning we 
see might represent a default state that is determined 
genetically and might require environmental cues for 
adjustment to local sky conditions. A peculiar aspect 
is that, at any given daytime, the two pairs of descend-
ing neurons have the same E-vector tuning. This is at 
present difficult to explain, but again, E-vector tuning 
and daytime dependence may be strongly influenced 
by environmental experience. 
 
POL-neurons of the SOG 
The descending POL-neurons of the SOG responded 
with polarization opponency to the rotating polarizer 
within a receptive field of at least 180° in bilateral 
expansion. The recordings did not provide evidence 
for a time-compensation mechanism and showed only 
weak unidirectional responses to moving stimuli. 
Based on Φmax distribution (Fig. 8C) which shows two 
possible sub-clusters, it is possible that the SOG neu-
rons consist of two bilateral pairs of neurons. This 
assumption is supported by findings from Kien et al. 
(1990) suggesting a pair of these neurons per SOG 
hemisphere. 
Hensler (1989) recorded from the neuron under 
tethered flying conditions. The neuron responded to 
simulated roll deviations and was rhythmically ex-
cited during flight. Electrical stimulation of the neu-
ron resulted in head rolling to the contralateral side 
(Hensler, 1989). We therefore, suggest that the SOG 
neurons do not take part in the polarization vision 
pathway used for navigation, but may be involved in 
the control of head orientation as suggested by 
Hensler (1989). The neurons might integrate sky 
polarization input with horizon detection to control 
head orientation during flight, but how both inputs 
interact with each other in a biological meaningful 
way will have to be determined in future experiments.  
 
Comparison to head direction cells 
When stimulating with a rotating polarizer, shifts in 
Φmax would be expected to account for differences in 
latencies of the response during clockwise and coun-
terclockwise rotations. As a consequence of the de-
layed response to the preferred orientation, Φmax 
should have higher values for clockwise and lower 
values for counterclockwise rotations. Furthermore, 
the Δ Φmax value should increase with increasing 
numbers of intercalated neurons between photorecep-
tors and the neuron of interest. Interestingly, however, 
Φmax-shifts in the opposite direction were observed. 
Φmax values for counterclockwise rotations were 
higher than Φmax values for clockwise rotations, and 
these differences were larger in the SOG than in the 
brain neurons. Similar shifts in directional tuning have 
been observed in head direction cells in the anterior 
dorsal thalamic nucleus and other areas involved in 
spatial orientation of rats (Blair and Sharp, 1995; 
Taube and Basset, 2003). Heinze and Homberg 
(2007) emphasized the similar biological roles of 
zenithal E-vector-coding neurons in locusts and head 





direction cells in rats for spatial orientation. Just as 
proposed for tuning shifts in head direction cells 
during clockwise and counterclockwise rotations of 
rats, the E-vector tuning shifts in POL-neurons ob-
served here might signal anticipatory head orienta-
tion, signaling a specific head direction in the near 
future (Blair and Sharp, 1995). While the neural 
mechanisms underlying these signaling characteris-
tics are still unclear, anticipatory coding of celestial 
E-vectors is clearly adaptive for course corrections 
maintaining a chosen flight or walking direction. 
With recordings from identifiable neurons, the locust 
may be a good model to analyze the underlying cellu-
lar and synaptic mechanisms for anticipatory head 
direction signaling in  future experiments. 
 
References 
Blair HT, Sharp PE (1995) Anticipatory head direction signals in 
anterior thalamus: evidence for a thalamocortical circuit that 
integrates angular head motion to compute head direction. J 
Neurosci 15:6260-6270. 
Brunner D, Labhart T (1987) Behavioural evidence for polarization 
vision in crickets. Physiol Entomol 12:1-10. 
Dacke M, Nordström P, Scholtz CH (2003) Twilight orientation to 
polarized light in the crepuscular dung beetle Scarabaeus 
zambesianus. J Exp Biol 206:1535-1543. 
Dircksen H, Zahnow CA, Gaus G, Keller R, Rao KR, Riehm JP 
(1987) The ultrastructure of nerve endings containing pig-
ment-dispersing hormone (PDH) in crustacean sinus glands: 
Identification by an antiserum against a synthetic PDH. Cell 
Tissue Res 250:377-387. 
el Jundi B, Homberg U (2010) Evidence for the possible existence 
of a second polarization-vision pathway in the locust brain. J 
Insect Physiol 56:971-979. 
Frye MA, Olberg RM (1995) Visual receptive field properties of 
feature detecting neurons in the dragonfly. J Comp Physiol A 
177:569-576. 
Fotowat H, Fayyazuddin A, Bellen HJ, Gabbiani F (2009) A novel 
neuronal pathway for visually guided escape in Drosophila 
melanogaster. J Neurophysiol 102:875-885. 
Griss C, Rowell CHF (1986) Three descending interneurons report-
ing deviation from course in the locust. I. Anatomy. J Comp 
Physiol A 158:765-774. 
Heinze S, Homberg U (2007) Maplike representation of celestial E-
vector orientations in the brain of an insect. Science 315:995-
997. 
Heinze S, Homberg U (2008) Neuroarchitecture of the central 
complex of the desert locust: Intrinsic and columnar neurons. 
J Comp Neurol 511:454-478. 
Heinze S, Homberg U (2009) Linking the input to the output: new 
sets of neurons complement the polarization vision network 
of the locust central complex. J Neurosci 29:4911-4921. 
Heinze S, Gotthardt S, Homberg U (2009) Transformation of 
polarized light information in the central complex of the lo-
cust. J Neurosci 29:11783-11793. 
Helfrich-Förster C (2004) The circadian clock in the brain: a 
structural and functional comparison between mammals and 
insects. J Comp Physiol A 190:601–613. 
Helfrich-Förster C, Stengl M, Homberg U (1998) Organization of 
the circadian system in insects. Chronobiol Int 15:567-594. 
Hensler K (1988) The pars intercerebralis neurone PI(2)5 of lo-
custs: convergent processing of inputs reporting head move-
ments and deviations from straight flight. J Exp Biol 140:511-
533. 
Hensler K (1989) Corrective flight steering in locusts: Conver-
gence of extero- and proprioceptive inputs in descending de-
viation detectors. In: Neurobiology of sensory systems (Singh 
RN, Strausfeld NJ, eds), pp. 531-554. Plenum Press, New 
York and London. 
Hensler K (1992) Neuronal co-processing of course deviation and 
head movements in locusts. I. Descending deviation detec-
tors. J Comp Physiol A 171:257-271. 
Hensler K, Rowell CHF (1990) Control of optomotor responses by 
descending deviation detector neurones in intact flying lo-
custs. J Exp Biol 149:191-205. 
Henze M, Labhart T (2007) Haze, clouds and limited sky visibility: 
polarotactic orientation of crickets under difficult stimulus 
conditions. J Exp Biol 210:3266-3276. 
Homberg U (2004) In search of the sky compass in the insect brain. 
Naturwissenschaften 91:199-204. 
Homberg U, Würden S, Dircksen H, Rao KR (1991) Comparative 
anatomy of pigment-dispersing hormone-immunoreactive 
neurons in the brain of orthopteroid insects. Cell Tissue Res 
266:343-357. 
Homberg U, Reischig T, Stengl M (2003) Neural organization of 
the circadian system of the cockroach Leucophaea maderae. 
Chronobiol Int 20:577-591. 
Horváth G, Varjú D (2004) Polarized light in animal vision. 
Springer: Berlin. 
Kien J (1976) Arousal changes in the locust optomotor system. J 
Insect Physiol 22:393-396.  
Kien J, Fletcher WA, Altman JS, Ramirez J, Roth U (1990) Or-
ganization of intersegmental interneurons in the suboesophag-
eal ganglion of Schistocerca gregaria (Forksal) and Locusta 
migratoria migratorioides (Reiche & Fairmaire) (Acrididae, 
Orthoptera). Int J Insect Morphol Embryol 19:35-60. 
Labhart T (1996) How polarization-sensitive interneurones of 
crickets perform at low degrees of polarization. J Exp Biol 
199:1467-1475. 
Labhart T, Meyer EP (2002) Neural mechanisms in insect naviga-
tion: polarization compass and odometer. Curr Opin Neuro-
biol 12:707-714. 
Lindauer M (1960) Time-compensated sun orientation in bees. Cold 
Spring Harbor Symp Quant Biol 25:371-377. 
Mappes M, Homberg U (2004) Behavioral analysis of polarization 
vision in tethered flying locusts. J Comp Physiol A 190:61-68. 
Marder E, Calabrese RL, Nusbaum MP, Trimmer B (1987) Distri-
bution and partial characterization of FMRFamide-like pep-
tides in the stomatogastric nervous systems of the rock crab, 
Cancer borealis, and the spiny lobster, Panulirus interruptus. 
J Comp Neurol 259:150-163. 
Merlin C, Gegear RJ, Reppert SM (2009) Antennal circadian clocks 
coordinate sun compass orientation in migratory monarch but-
terflies. Science 325:1700-1704. 
Mouritsen H, Frost BJ (2002) Virtual migration in tethered flying 
monarch butterflies reveals their orientation mechanisms. 
Proc Natl Acad Sci USA 99:10162-10166. 
Okada R, Sakura M, Mizunami M (2003) Distribution of dendrites 
of descending neurons and its implications for the basic or-
ganization of the cockroach brain. J Comp Neurol 458:158-
174. 
Olberg RM (1986) Identified target-selective visual interneurons 
descending from the dragonfly brain. J Comp Physiol A 
159:827-840. 
Pfeiffer K (2006) Coding of sky-compass information in neurons of 
the anterior optic tubercle of the desert locust Schistocerca 
gregaria. PhD thesis, Philipps-University Marburg. 
Pfeiffer K, Homberg U (2007) Coding of azimuthal directions via 
time-compensated combination of celestial compass cues. 
Curr Biol 17:960-965. 
Reppert SM, Zhu H, White RH (2004) Polarized light helps mon-
arch butterflies navigate. Curr Biol 14:155-158. 
Rind FC (1990a) A directionally selective motion-detecting neu-
rone in the brain of the locust: Physiological and morphologi-
cal characterization. J Exp Biol 149:1-19. 
Rind FC (1990b) Identification of directionally selective motion-
detecting neurones in the locust lobula and their synaptic con-
nections with an identified descending neurone. J Exp Biol 
149:21-43. 
Rind FC, Santer RD, Wright GA (2008) Arousal facilitates colli-
sion avoidance mediated by a looming sensitive visual neuron 
in a flying locust. J Neurophysiol 100:670-680. 
Rowell CHF, Reichert H (1986) Three descending interneurons 
reporting deviation from course in the locust. II. Physiology. J 
Comp Physiol A 158:775-794. 
Sakura M, Lambrinos D, Labhart T (2008) Polarized skylight 
navigation in insects: model and electrophysiology of e-vector 
coding by neurons in the central complex. J Neurophysiol 
99:667-682. 





Schlurmann M, Hausen K (2007) Motoneurons of the flight power 
muscles of the blowfly Calliphora erythrocephala: Structures 
and mutual dye coupling. J Comp Neurol 500:448-464. 
Siegler MVS, Phong MP, Pousman CA (1991) Motor neurons 
supplying hindwing muscles of a grasshopper: Topography 
and distribution into anatomical groups. J Comp Neurol 
310:342-355. 
Sprayberry JDH (2009) Responses of descending visually-sensitive 
neurons in the hawkmoth, Manduca sexta, to three dimen-
sional flower-like stimuli. J Insect Sci 9:7. 
Strausfeld NJ, Seyan HS (1985) Convergence of visual, haltere, 
and prosternal inputs at neck motor neurons of Calliphora 
erythrocephala. Cell Tissue Res 240:601-615. 
Taube JS, Bassett JP (2003) Persistent neural activity in head 
direction cells. Cereb Cortex 13:1162-1172. 
Vafopoulou X, Terry KL, Steel CGH (2010) The circadian timing 
system in the brain of the fifth larval instar of Rhodnius pro-
lixus (Hemiptera). J Comp Neurol 518:1264-1282. 
Vitzthum H, Homberg U (1998) Immunocytochemical demonstra-
tion of locustatachykinin-related peptides in the central com-
plex of the locust brain. J Comp Neurol 390:455-469. 
Vitzthum H, Homberg U, Agricola H (1996) Distribution of Dip-
allatostatin I-like immunoreactivity in the brain of the locust 
Schistocerca gregaria with detailed analysis of immunostain-
ing in the central complex. J Comp Neurol 369:419-437. 
Vitzthum H, Müller M, Homberg U (2002) Neurons of the central 
complex of the locust Schistocerca gregaria are sensitive to 
polarized light. J Neurosci 22:1114-1125. 
von Philipsborn A, Labhart T (1990) A behavioural study of polari-
zation vision in the fly, Musca domestica. J Comp Physiol A 
167:737-743. 
Wehner R (1992) Arthropods. In: Animal Homing. (Papi F, ed.), 
pp. 45-144. Chapman and Hall, London. 
Wehner R (2003) Desert ant navigation: how miniature brains solve 
complex tasks. J Comp Physiol A 189:579-588. 
Wehner R, Labhart T (2006) Polarisation vision. In: Invertebrate 
Vision (Warrant E, Nilsson DE, eds), pp 291-348. Cambridge 
University Press. 
Wehner R, Rossel S (1985) The bee’s celestial compass – a case 
study in behavioural neurobiology. Fortschr Zool 31:11-53. 
Wertz A, Borst A, Haag J (2008) Nonlinear integration of binocular 
optic flow by DNOVS2, a descending neuron of the fly. J 
Neurosci 28:3131-3140. 
Wertz A, Haag J, Borst A (2009a) Local and global motion prefer-
ences in descending neurons of the fly. J Comp Physiol A 
195:1107-1120. 
Wertz A, Gaub B, Plett J, Haag J, Borst A (2009b) Robust coding 
of ego-motion in descending neurons of the fly. J Neurosci 
29:14993-15000. 
Williams JLD (1975) Anatomical studies of the insect central 
nervous system: A ground-plan of the midbrain and an intro-
duction to the central complex in the locust, Schistocerca gre-
garia (Orthoptera). J Zool (Lond) 176:67-86. 
 Yamawaki Y, Toh Y (2009) Responses of descending neurons to 
looming stimuli in the praying mantis Tenodera aridifolia. J 
Comp Physiol A 195:253-264. 





















Supporting Online Material for 
 
Polarization Sensitive  
Descending Neurons in the Locust: 
Connecting the Brain to 
Thoracic Ganglia 
 
Ulrike Träger and Uwe Homberg 










Supplemental figure 1. Morphological details 
of an ipsilaterally descending neuron. Maximum 
intensity views of optical sections (frontal plane, 
thickness 2 µm) from confocal image stacks 
showing anti-synapsin staining (blue) and anti-
PDH staining (green) of distinct ramification areas 
of the same neuron stained with Neurobiotin (red). 
A, Maximum intensity projection of 78 optical 
sections showing ramifications around the 
posterior optic tubercle (POTu) which is marked 
with the anti-PDH antibody. B, Maximum 
intensity projection of optical sections from the 
data stack in A that show the POTu. A few 
arborizations from the descending neuron (red) are 
visible in the posterior protocerebrum around but 
not within the POTu (arrows). C, Maximum 
intensity projection of two combined stacks (76 
optical sections), showing varicose arborizations 
in the antennal mechanosensory and motor center 
(AMMC). Some dendritic arborizations are visible 
dorsally from the AMMC. Scale bars: 40 µm. 
 






Supplemental figure 2. Responses of the descending neurons to a moving black and white grating presented 
in front of the animal. A small cardboard with black and white stripes was moved by hand from left to right and 
vice versa under unpolarized light condition (black bar). Owing to manual stimulation it was not possible to 
define the duration of each stimulus. Black arrows indicate movement direction of the pattern as seen by the 
locust. A, Recording from an ipsilaterally descending neuron in the left brain hemisphere. The neuron was ex-
cited by movement from right to left and shows inhibition to moving bars from left to right. B, Recording from a 
contralaterally descending brain neuron of the right brain hemisphere. The neuron was activated during move-
ments in both directions. The response decreased with repetition of stimuli. C, Responses from a descending 
SOG neuron to a moving grating. The neuron showed weak activations to movements in both directions. 
 






Supplemental figure 3. Confocal images of 130-µm sections showing parts of Neurobiotin stained descending 
SOG neurons (red) combined with immunostaining using antisera against FMRFamide, serotonin, Lom-TK II, 
AST-A or GABA (green). The Neurobiotin stained somata and ramifications are shown in A-E, the immu-
nostainings are shown in A’-E’, and the combined illustrations are shown in A’’-E’’. None of the tested neuroac-
tive substance is localized in the stained neurons. A, Soma and part of the primary neurite in the suboesophageal 
ganglion (SOG). FMRFamide immunostaining is not present in the soma or axon of the neuron. B, Dendritic 
ramifications in the SOG and presynaptic terminals from the prothoracic ganglion (Pro-TG, inset). The labeled 
neuron does not show serotonin immunostaining. C, D, In the Pro-TG, presynaptic terminals with bleb-like end-
ings do not show immunostaining for Lom-TK II (C) or AST-A (D). E, The soma of the SOG neuron does not 
exhibit GABA immunostaining. Scale bars: 40 µm. 
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Träger U, Backasch B, el Jundi B, Rosner R, Homberg 
U. Behavioral and electrophysiological evidence for a role 
of polarized light in optomotor responses of the desert 
locust Schistocerca gregaria. Animals use optomotor re-
sponses to stabilize their optic flow. In the present study, 
we show that tethered locusts perform an optokinetic-like 
response to a dorsally presented rotating polarizer. The 
behaviour is characterized by alternating slow pursuit re-
sponses and fast turning against the rotation direction of the 
polarizer. These responses are largely mediated by photore-
ceptors in the polarization sensitive dorsal rim area of the 
eye. In addition, we performed intracellular recordings and 
show that particular neurons in the brain and descending 
from the brain respond only to one rotation-direction of 
rotating polarized light. The behavioural as well as the 
electrophysiological results indicate that the locust is able to 
perceive the rotation-direction of rotating polarized light. 
The directionally selective polarization-sensitive neurons 
are morphologically distinct from hitherto studied polariza-
tion-sensitive neurons in the locust nervous system and 
appear to be identical to previously studied motion-
sensitive neurons. We propose that these neurons are in-
volved in mediating the directionally-sensitive responses to 
the rotating polarizer. Together with their motion-
sensitivity the neurons may be involved in maintaining 
flight balance in a featureless environment such as in the 
desert or over open seawater. 
 
I N T R O D U C T I O N  
 
During locomotion, a continuous flow of images 
moves across the retina of the observer. To stabilize 
this optic flow animals use control mechanisms, so-
called optomotor responses, like turning in the direc-
tion of motion of a pattern to maintain a straight 
course (Kirschfeld 1997; Srinivasan et al. 1999; 
Srinivasan and Zhang 2000; Egelhaaf 2006; Borst et 
al. 2010). In classical experiments a pattern of vertical 
black and white stripes is rotated around the animal. 
This usually elicits a turning reaction of the animal 
that demonstrates that the animal is able to detect the 
movement of the visual environment on the basis of 
brightness cues. The optomotor reaction of insects to 
black-and-white patterns has been intensively studied 
(in addition to the reviews cited above: Götz 1972; 
Kien 1974a; David 1979; Järvilehto 1985; Egelhaaf 
and Borst 1993; Kirschfeld 1997; Rind and Simmons 
1999; Rind, 2002). While the visual subsystems de-
tecting image motion are usually believed to be color-
blind in arthropods (Schlieper 1927; Srinivasan, 
1985; 
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1985; Yamaguchi et al. 2008; Borst et al. 2010) evi-
dence from crabs, honeybees, flies, backswimmers 
and waterstriders showed that optomotor responses 
can also be elicited by different E-vector patterns 
depending on the orientation of the polarization-
sensitive microvilli systems in the eyes of these ani-
mals (Horváth and Varjú 2004; Wehner and Labhart 
2006; Glantz 2008). 
Rhabdomeric photoreceptors of insects and crus-
taceans are inherently sensitive to the E-vector direc-
tion of linearly polarized light owing to the tubular 
arrangement of the microvillar photoreceptor mem-
brane (reviewed in Wehner and Labhart 2006; 
Horváth and Varjú 2004). While in most parts of the 
insect eye, rhabdomeric twist or misalignment of 
mircovilli results in low polarization sensitivity and 
thus avoids the perception of polarization-induced 
false colors, polarization sensitivity is often high in 
specialized dorsal rim areas of the compound eye 
facing the sky or, in aquatic insects, in a ventral or 
lateral eye region involved in polarotactic detection of 
water surfaces (reviewed in Horváth and Varjú 2004). 
In the dorsal rim area (DRA) of all insects studied, 
each ommatidium consists of photoreceptors with 
orthogonally oriented microvilli (Labhart and Meyer 
1999; Horváth and Varjú 2004). These crossed E-
vector analysers in the DRA are not parallel to each 
other, but form a fan-like array, and thus have differ-
ent orientations especially suited for detection of 
varied and dynamic E-vectors in the celestial field of 
polarization (Wehner and Labhart 2006). 
The desert locust Schistocerca gregaria has a 
particularly prominent DRA visible already with the 
unaided eye. When presented with a rotating polarizer 
from above, tethered flying locusts show polarotactic 
yaw-torque responses in an attempt to follow the 
changing E-vector orientation (Mappes and Homberg 
2004). The E-vector orientation is detected by photo-
receptors in the DRA of the locust, and well studied 
polarization-sensitive neurons relay that information 
to higher brain areas for further processing (Homberg 
and Paech 2002; Homberg 2004; Pfeiffer et al. 2005; 
Pfeiffer and Homberg 2007; Vitzthum et al. 2002; 
Träger et al. 2008; Heinze and Homberg 2007, 2008, 
2009; Heinze et al. 2009). Descending neurons spe-
cialized for polarized light signaling provide this 
information to motor circuits in the thoracic ganglia 
(U Träger and U Homberg, submitted). 
Wehner and Labhart (2006) reviewed the prob-
lem of detecting individual E-vectors, based on the 
presence of crossed E-vector analyzers in each om-
matidium. The successive method implies that an 
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animal rotates its polarization-sensitive photoreceptor 
and thereby changes the orientation of its microvilli 
relative to the E-vector direction. In consequence, the 
receptor potential would exhibit sinusoidal modula-
tions with maximal response occurring when the 
microvilli and the E-vector are in register (Wehner 
and Labhart 2006). In contrast, the simultaneous 
method implies that at least three photoreceptors with 
different E-vector tuning cooperate by simultaneously 
comparing their output signals (Wehner and Labhart 
2006). Horváth and Varjú (2004) reviewed another 
possibility for the simultaneous method, the existence 
of two polarization-sensitive receptors with different 
microvilli orientations and, in addition, independent 
perception of the intensity or the degree of linear 
polarization. At present, it is unknown whether in-
sects use the simultaneous or the successive method 
for E-vector detection.  
In the present work, we show that the polarotac-
tic response of tethered flying locusts to a rotating 
polarizer is a special case of an optomotor response. 
We show that locusts recognize the direction of rota-
tion of a polarizer above their head by showing E-
vector rotation- direction specific yaw-torque re-
sponses. In addition, we have identified several neu-
ron types that respond rotation-direction specifically 
to a rotating polarizer. These neurons are strong can-
didates to mediate the rotation direction-specific 
behavior. The neurons were found in the brain and 
descending to thoracic motor centers and are distinct 
from the hitherto described neuronal elements of the 
polarization vision pathway in the locust brain. 
 
 




Experiments were performed on desert locusts (Schis-
tocerca gregaria) obtained from a crowded laboratory 
colony at the University of Marburg. Locusts were raised 
under 12L:12D photoperiod and a temperature cycle of 
28°C during the night and 35°C during the day at 50% 
relative humidity. Adult locusts with intact wings, legs and 






EXPERIMENTAL SETUP. Locusts, whose heads were fixed 
with the pronotum by a droplet of wax on both lateral sides 
to prevent head moving without body reactions, were teth-
ered dorsal side up by waxing a small metal pin to their 
pronotum. They were flown in front of a horizontal wind 
tunnel (Gewecke 1975) inside a flight chamber (34 × 24.5 × 
26 cm) made of matt-black plastic material. For optimal 
flight performance, wind speed was adjusted at 3.0 m/s. 
Yaw torques produced by the flying locusts were measured 
by a yaw-torque meter (Preiss and Gewecke 1991; Mappes 
and Homberg 2004, 2007). Light was produced by a fluo-
rescent lamp (Osram Dulux EL 5 W). It passed a horizontal 
diffuser and evenly illuminated a circular window in the 
ceiling of the flight chamber. The window was fitted with a 
linear polarizer (HN38S Polaroid, Cambridge, MA; irradi-
ance 10.8 µW/cm2) and provided a wide field stimulus of 
54° visual angle centered in the zenith. Rotation of the filter 
(speed: 15°/s) was monitored through a photodiode covered 
by a polarization filter (invisible to the locust). 
 
TESTING PROCEDURE. Before starting an experiment, the 
locusts were adapted to darkness for at least 30 min. After 
mounting in the flight chamber, each locust was given at 
least 5 min to become accustomed to the wind tunnel. Only 
animals showing regular wing beat and typical flight posture 
were used for experiments. A single experiment consisted of 
three full rotations of a filter in clockwise and counter-
clockwise directions. Experiments with the rotating polar-
izer were also performed on animals that had their com-
pound eyes painted black except the ommatidia of the DRA 
(Marabu Decorlack matt, water-based). 
 
DATA ANALYSIS. Yaw-torque responses of the animal were 
analyzed with custom designed scripts in MatLab (Math-
Works, Natrick, MA, USA). Periodic changes in yaw-torque 
were analyzed by fast Fourier transformation. Given the 
180° periodicity of the polarization stimulus, the amplitude 
(S) of the 180° peak of the Fourier spectrum was taken as a 
measure of the polarotactic response. Time intervals of 
efforts of the locust to turn left- or rightwards  were statisti-
cally analyzed with the non-parametric Wilcoxon signed-





RECORDINGS FROM THE BRAIN. Adult locusts were im-
mobilized by cooling for a minimum of 20 minutes. Legs 
and wings were removed and animals were waxed to a 
metal holder (Pfeiffer et al. 2005). A bowl of wax was 
prepared around the head capsule. The head capsule was 
opened, and the brain was exposed. The head capsule was 
filled with locust saline (Clements and May 1974) at all 
times to prevent drying. For stabilization, the esophagus 
was cut and the gut was pulled out from the opened abdo-
men. To seal the animal, the abdomen was then contracted 
with tightly knotted threads. To support the brain from 
posterior, a wire platform was inserted between the eso-
phageal connectives and was fixed at the bowl of wax. To 
allow recordings from the brain, the neural sheath was 
treated with pronase E (from Streptomyces griseus; Serva 
Company; Heidelberg, Germany) and was partly removed 
with forceps. A silver wire was inserted into the hemo-
lymph/locust saline solution and served as reference elec-
trode.   
Intracellular recordings were performed with glass mi-
croelectrodes drawn from borosilicate capillaries (0.75 mm 
ID, 1.5 mm OD; Hilgenberg, Malsfeld, Germany; resistance 
of 60-190 MΩ) using a Flaming/Brown puller (P-97, Sutter, 
Novato, CA). Tips were filled with 4% Neurobiotin (Vector 
Laboratories, Burlingame, UK) in 1M KCl. Cell signals 
were amplified and filtered (10×, 2 kHz low-pass) with a 
custom build amplifier. Spikes were monitored with a cus-
tom made audiomonitor and visualized with an oscilloscope 
(Hameg HM 205–3, Frankfurt/Main, Germany). After 
sampling at a rate of 5 kHz with a Digidata CED 1401 
(Cambridge Electronic Design, UK), signals were stored on 
a PC using Spike2 software (Cambridge Electronic Design, 
UK). A drifting baseline was compensated with a high pass 
filter if necessary. After recording neuronal responses, 
Neurobiotin was iontophoretically injected with a continu-
ous depolarizing current of 1-3 nA for 1-5 minutes. 
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RECORDINGS FROM THE NECK CONNECTIVES. Adult 
locusts were anesthetized by cooling for 15-30 min and 
waxed onto a metal holder in horizontal orientation. In 
some cases the tibiae of the hind legs were cut off. A 3×5 
mm window was cut dorsally into the pronotum and, after 
resection of gut and removal of tracheal air sacs, fat body 
and the tissue membrane between gut and ventral body 
cavity, the neck connectives between suboesophageal- and 
prothoracic ganglia were exposed. The neck connectives 
were manipulated with a glass hook into two channels of a 
rectangular platform (1×2 mm) made of platinum. To pre-
vent desiccation the connectives were submersed in locust 
saline (Clements and May 1974) at all times. 
Glass microelectrodes (see above; resistance of 10-50 
MΩ) were filled at their tips with a 3% aqueous solution of 
Alexa 488- or Alexa 647-conjugated dextran (10 000 MW, 
anionic, fixable; Invitrogen, Karlsruhe, Germany) or with 
4% Neurobiotin in 1 M KCl and backed up with 1 M KCl. 
Intracellular signals were amplified (10×) with a custom-
made amplifier and monitored with an audiomonitor and a 
digital oscilloscope (Hameg HM 305). After sampling at a 
rate of 10 kHz with a Digidata 1322A (Molecular Devices, 
Sunnyvale, CA, USA), signals were stored on a PC using 
PClamp9 software (Molecular Devices). To compensate for 
shifts in baseline, some recordings were digitally high pass 
filtered. After recording, the tracer was injected iontopho-
retically into the cell with constant hyperpolarizing current 
(4-10 nA, 9-30 min, dextran) or constant depolarizing 
current (2 nA, 17 min, Neurobiotin). 
 
VISUAL STIMULATION. Light stimuli were provided by a 
xenon arc (XBO 150 W) connected via a light guide 
(Schölly, Denzlingen, Germany; spectral range 400-800 
nm) to a perimeter placed around the animal. Either a linear 
polarizer (HN38S Polaroid, Cambridge, MA) or a neutral 
density filter of equal transmission was moved into the light 
path (irradiance/angular size: 30.8 µW/cm2/4.7°, recordings 
from the brain; 105 µW/cm2/3°, recordings from the neck 
connectives). The polarizer was rotated via custom build 
hard- and software by 360° in counterclockwise and clock-
wise directions at a speed of 30°/s. An E-vector orientation 
parallel to the longitudinal axis of the animal was defined as 
0°. The position of the light source could be moved along 
the perimeter to change elevation from 0° (stimulus from 
lateral direction) on either side of the animal up to the 
zenith (90°). 
 
DATA ANALYSIS. Sampled spike trains were stored on PC 
and evaluated using Spike2 software (Cambridge Electronic 
Design, UK) with implemented, custom designed scripts. 
Action potentials were detected with threshold based event 
detection. By using a gliding average algorithm at a bin size 
of 2 s, the detected events could be visualized as mean 
frequency. Mean background activities during darkness 
were obtained from counts of spikes in a defined time 
interval (usually 12 s) before and between visual stimuli 
divided by the respective time. Neuronal responses to polar-
ized light were analyzed using Oriana 2.02a (Kovach Com-
puting Services, Anglesey, UK) for circular statistics, and 
Origin 6.0 (Microcal, Northhampton, CA) was used for 
creating circular activity plots. Events within each 360° 
rotation of the polarizer were assigned a corresponding E-
vector angle to quantify responses to polarized light. A list 
of these angles was exported for each E-vector rotation and 
all individual and combined rotations of each neuron were 
tested statistically for polarization sensitivity. If the distri-
bution of these angles was significantly different from 
randomness (Rayleigh-test for axial data), a neuron was 
rated polarization sensitive. The mean angle of the distribu-
tion was defined as the Φmax-value of that neuron. 
 
HISTOLOGY. After recording from the neck connectives the 
animal was transferred to a moist chamber and kept at 4°C 
over night, to allow diffusion of the tracer. On the next day, 
the brain and ventral nerve cord, without the free abdominal 
ganglia were dissected out and fixed in a mixture of 4% 
paraformaldehyde, 0.25% glutaraldehyde and 2% saturated 
picric acid (in 0.1 M phosphate buffer) over night at 4°C. 
When recordings were made from the brain, these brains 
were dissected out immediately after injection and fixed in 
the same way as described above. Ganglia were processed 
as whole mounts. They were rinsed 4 × 15 min in PBS, 
dehydrated through an increasing ethanol series (25%, 50%, 
70%, 90%, 95%, 100%; 15 min each), transferred to a 1:1 
mixture of ethanol and methylsalicylate for 15 min and 
finally cleared in methylsalicylate for at least 45 min. When 
Neurobiotin was injected into the neurons, ganglia were 
incubated with Cy3-conjugated Streptavidin (Dianova, 
Hamburg, Germany; 1:1000) for three days at 4°C in PBT 
(PBS, including 0.5% Triton X-100) followed by rinsing 
with PBT (3 × 20 min) and PBS (2 × 20 min). Ganglia were 
finally mounted in Permount (Fisher Scientific, Pittsburgh, 
PA) between two coverslips. To avoid compressions, adhe-
sive strips were used as spacers. Neurons were scanned with 
a confocal laser scanning microscope (CLSM; Leica TCS-
SP2) at minimal pinhole size and intervals of  3-4 µm with a 
10× oil immersion objective (HC PL APO 10×/0.4 Imm 
Corr CS; Leica, Bensheim, Germany). Reconstructions 
based on the data stacks were performed by using Adobe 
Photoshop CS2. For detailed analysis of neuronal mor-
phologies, selected brains were rehydrated and sectioned as 
described by Heinze and Homberg (2008). The main step 
was the incubation of brain sections with a monoclonal 
mouse antibody against synapsin I (SYNORF1) for labeling 
of neuropil structures. After scanning at 1024 × 1024 pixel 
resolution with a CSLM (Leica TCS SP5), the further proc-
essing of the image stacks and reconstructions of the neu-
rons were performed with the Amira 4.1.2 software (Visage 
Imaging, Fürth, Germany). Finally, the 3D reconstruction of 
the neurons were performed with the SkeletonTree tool. For 
details see el Jundi et al. (2010). Volume rendering visuali-
zation and maximum intensity projections of parts of the 
neurons were displayed in Amira 4.1.2. 
 
 




We tested yaw-torque responses of tethered fly-
ing locusts that were illuminated from above through 
a rotating polarizer. The readiness of the locusts to fly 
was highly variable and did not depend on sex. For 
evaluation and analysis, flights were included only if 
locusts flew constantly without interruptions for three 
full rotations of the filter. As criteria for a clear pola-
rotactic response, the amplitude (S) of the 180°-peak 
of the Fourier spectrum had to be at least two times 
higher than the mean of all other peaks of the Fourier 
spectrum, and, furthermore, the 180° peak was in all 
cases the highest peak of the Fourier spectrum within 
the considered range.  
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FIG. 1. Yaw torque responses of tethered flying locusts that were stimulated through a dorsally presented rotating polarization filter. A,B, 
Flight traces from a locust with unoccluded eyes during stimulation with a polarizer turning counterclockwise (A) or clockwise (B). Ascend-
ing slopes towards positive yaw torques in these and the graphs in D,E correspond to right turns (counterclockwise) of the locust and de-
scending slopes towards negative yaw torques to left turns (clockwise). C, Mean time durations of ascending and descending slopes from 
untreated locusts during clockwise and counterclockwise rotations.  The boxes include 50% of data and were bordered by the 25% and 75% 
quartile. The black line within the box stand for the median and the error bars for the highest and lowest value respectively. Circles indicate 
outliers whereas big stars stand for extreme values. Times of ascending slopes are significantly longer than times of descending slopes 
during counterclockwise rotations (grey boxes, n = 23, p = 0.001; Wilcoxon signed-rank test), while during clockwise rotations, descending 
slopes last longer than ascending slopes (white boxes, n = 23, p = 0.023). D,E, Flight traces from a locust during stimulation with a zenithal 
polarizer turning counterclockwise (D) and clockwise (E) after painting the non-DRA parts of the eyes black. F, For black-painted non-
DRA's, time duration under counterclockwise rotations of the polarizer differ significantly between ascending and descending slopes (grey 
boxes, n = 10, p = 0.007). Under clockwise rotations (white boxes) differences were not significant. 
POLAROTAXIS. For analysis of yaw-torque under the 
rotating polarizer, two conditions were evaluated. 
Animals of the first group (n = 23) flew with un-
treated eyes during clockwise and counterclockwise 
rotations of the polarizer. The locusts responded to 
the rotating polarizer by periodically changing yaw 
torque corresponding to the 180° periodicity of the 
rotating polarizer as shown by Mappes and Homberg 
(2004). Close inspection of the flight traces showed 
that the plotted yaw torque responses rather than 
being sinusoidal had a sawtooth shape resulting from 
alternating slow pursuit movements following the 
rotating polarizer and fast saccadic movements 
against the rotation of the polarizer (Fig. 1A,B). For 
quantitative evaluation of the two components, we 
measured the time intervals the locust spent turning in 
each direction, between the maximum negative and 
the maximum positive yaw torques (ascending slopes) 
and vice versa (descending slopes) and compared the 
mean time intervals with each other (Fig. 1C). For 
both rotation directions of the polarizer, the pursuit 
responses following the rotation direction lasted sig-
nificantly longer than the saccadic responses against 
the rotation direction (Fig. 1C). 
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Locusts from the second group flew with compound 
eyes black painted except the DRA (non-DRA) under 
the same stimulation as group one. In this second 
condition the willingness of the locusts to orientate 
was highly decreased, so that only ten locusts with 
flights under clockwise and counterclockwise rota-
tions could be evaluated. These locusts showed com-
parable responses to the locusts with untreated eyes 
described above, but generally lower yaw-torque 
amplitude values (Fig. 1D,E). Under counterclock-
wise rotations of the polarizer, the ascending and 
descending slopes differed significantly from each 
other, but under clockwise rotations ascending and 
descending slopes were not significantly different in 
time duration (Fig. 1F). 
 
 
Rotation direction-selective polarized light sensitive 
neurons 
 
The ability of locusts to distinguish between 
clockwise and counterclockwise rotations of the po-
larizer requires that neurons in the nervous system 
likewise respond differently to clockwise and coun-
terclockwise rotations of the polarizer. To date, all 
recordings from neurons in the polarization vision 
system of the locust brain showed coding for E-vector 
orientations but apart from minor differences in E-
vector tuning, the responses to clockwise and counter-
clockwise rotations of the polarizer were indistin-
guishable (Vitzthum et al. 2002; Pfeiffer et al. 2005; 
Heinze and Homberg 2007, 2009; Heinze et al. 2009). 
Interestingly, a few types of neuron that are anatomi-
cally distinct from E-vector-orientation coding cells 
were highly sensitive to the direction of E-vector 
rotation.  
 
BRAIN NEURONS. Neurons of three recordings 
showed direction dependent responses to stimulation 
with the rotating polarizer. All three neurons were 
FIG. 2. Morphology and physiology of a rotation direction selective polarized light sensitive neuron in the brain of the locust. A, Frontal 
three-dimensional reconstruction of the neuron from a confocal image stack of the Neurobiotin-injected neuron. Dendritic ramifications are 
in the outer (OLo) and dorsal lobes (DLo) of the lobula, axonal ramifications in the posterior protocerebrum near the posterior optic tubercle 
(POTu). B,C, Details of arborizations of the neuron. Maximum-intensity projections of confocal image stacks reveal that arborizations in the 
posterior lobula are of smooth appearance (B) whereas endings in the posterior protocerebrum are varicose (C). D,E, Circular diagrams of 
mean frequencies of action potentials of the neuron plotted against E-vector orientation during stimulation with a rotating polarizer; counter-
clockwise (D; n = 4; error bars = SD; bin size 10°; p = 0.445) and clockwise (E; n = 4; error bars = SD; bin size 10°; max = 103°, p = 1.6 × 
10-9). Black circles indicate background activity of the neuron. F, Spike train (lower trace) and mean spiking frequency (upper trace; gliding 
average with bin size of 2s) of the neuron during a counterclockwise (360°-0°) and a clockwise (0°-360°) rotation of the polarizer presented 
at an elevation of 45° ipsilaterally. ALo, anterior lobe of the lobula; CB, central body; PB, protocerebral bridge. Scale bars: A, 200 µm; B, 
25 µm; C, 100 µm. 
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recorded near their axonal projections in the central 
brain. One neuron resembled LDSMD cells of Rind 
(1990), also described as lobula protocerebrum neu-
rons LP6 and LP7 by Gewecke and Hou (1993). Its 
soma was located near the optic stalk postero-lateral 
to the calyces. The primary neurite projected toward 
the optic stalk where it joined the main axonal fiber 
(Fig. 2A). Dendritic processes extended in a fan-like 
fashion throughout the inner layer of the outer lobe of 
the lobula (OLo; Fig. 2B); a second tree of ramifica-
tions, not described for the LDSMD/LP6/7 cells in-
nervated the dorsal lobe of the lobula (DLo; Fig. 2A). 
Axonal projections of the neuron with varicose rami-
fications were confined to areas in the ipsilateral pos-
terior protocerebrum near, but not within, the poste-
rior optic tubercle (POTu; Fig. 2A,C). The neuron 
responded only to polarized light presented from 45° 
ipsilateral elevation. The background activity of this 
cell was 7.3 ± 3.6 impulses per second (mean fre-
quency ± SD). Under polarized light stimulation the 
neuron responded with excitation above background 
level but did not show polarization-opponency. The 
FIG. 3. Morphology and physiology of a directionally-selective polarized-light sensitive neuron that crosses the midline of the locust brain. A, 
Frontal three-dimensional reconstruction of the neuron from stacks of confocal sections. Dendritic ramifications are in the outer lobe of the 
lobula (OLo). The axon crosses the midline of the brain, and gives rise to axonal ramifications in the posterior protocerebrum near the poste-
rior optic tubercle (POTu). B,C, Details of arborizations of the neuron. Maximum-intensity projections of confocal image stacks reveal 
varicose endings in the posterior protocerebrum (B) whereas the volume rendering 3D visualization show that arborizations in the posterior 
lobula are of smooth appearance (C). D, Spike train (lower trace) and mean spiking frequency (upper trace; gliding average with bin size of 
2s) of the neuron during a counterclockwise (360°-0°) and a clockwise (0°-360°) rotation of the polarizer presented at an elevation of 60° 
ipsilaterally. E,F, Circular diagrams of mean frequencies of action potentials of the neuron plotted against E-vector orientation during stimu-
lation with a rotating polarizer; counterclockwise (E; n = 4; error bars = SD; bin size 10°; p = 0.424) and clockwise (F; n = 4; error bars = 
SD; bin size 10°; max = 151°, p = 6.4 × 10-8). Black circles indicate background activity of the neuron. CB, central body; ILo, inner lobe of 
the lobula; PB, protocerebral bridge. Scale bars: A, 200 µm; B,C, 50 µm. 
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responses to clockwise and counterclockwise rota-
tions of the polarizer differed markedly. During coun-
terclockwise rotations of the polarizer, the neuron was 
excited irrespective of E-vector orientation (Fig. 
2D,F). In contrast, the excitatory response to clock-
wise rotations was strongly dependent on E-vector 
orientation (Fig. 2E,F), with a preferred E-vector 
orientation (Φmax) at 103° (p = 1.6 × 10
-9; n = 4; Fig. 
2E). 
Two other morphologically indistinguishable 
neurons had axonal projections with varicose endings 
exclusively in the contralateral posterior protocere-
brum, near the POTu like the ipsilateral neuron (Fig. 
3A,B), and resembled the lobula protocerebrum neu-
ron LP10 of Gewecke and Hou (1993). The neurons 
had dendritic arborizations in the inner layer of the 
outer lobe of the lobula (OLo; Fig. 3A,C) but, in con-
trast to LP10, identified in the migratory locust, 
lacked additional ramifications in the inner lobe of the 
lobula. Illumination led to general weak reduction in 
background spiking activity (Fig. 3D-F). The neurons 
responded only to polarized light when presented in 
the ipsialateral hemisphere at elevations of 30°-90°. 
E-vector sensitivity was significant during clockwise 
rotations (Φmax = 151°, p = 6.4 × 10
-8; n = 4; Fig. 3F) 
but not during counterclockwise rotations of the po-
larizer (p = 0.4; n = 4; Fig. 3E). The physiological 
properties of the other contralateral neuron are not 
certainly estimable because recording properties were 
not best suited. 
FIG. 4. Morphology and physiology of directionally-selective polarized light sensitive descending neurons. A, Frontal reconstructions of both 
neurons reveal presumably input regions in the ipsilateral posterior protocerebrum. In addition, one neuron sends a fiber toward the posterior 
optic lobe (black arrow). Varicose endings are present in dorsal parts of the suboesophageal (SOG) and prothoracic ganglion (Pro-TG). One 
neuron extends processes into the contralateral hemisphere of the SOG (red arrows). The axonal processes of both neurons could not be 
traced beyond the connective between pro- and mesothoracic ganglion (asterisks). B,C, Mean activities of another neuron during 360° rota-
tions of the zenithal polarizer plotted against E-vector orientation; counterclockwise (B; n = 5; error bars = SD; bin size 10°; max = 7°, p = 
3.3 × 10-5) and clockwise (C; n = 5; error bars = SD; bin size 10°; p = 0.7). Black circles indicate background activity of the neuron. D, Mean 
activity and intracellular recording trace during counterclockwise (360°-0°) and clockwise (0°-360°) rotations of the dorsally presented 
polarization filter (same neuron as in B,C). Scale bar: 200 µm. 
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DESCENDING NEURONS. Five recordings from de-
scending neurons showed directionally sensitive re-
sponses to polarized light. Two of these neurons 
could be stained partly (Fig. 4A). Both neurons had 
their somata in the pars intercerebralis and descended 
through the ipsilateral connective into the suboe-
sophageal ganglion and further into the prothoracic 
ganglion. Fibers continued into the connective be-
tween pro- and mesothoracic ganglion but could not 
be traced further. Both neurons had presumably den-
dritic arborizations in the posterior protocerebrum and 
varicose endings in dorsal parts of the suboesophag-
eal and prothoracic ganglion. Averaged background 
activities in the descending neurons ranged from 0.9 
± 0.6 (red neuron in Fig. 4A) to 12.7 ± 3.3 impulses 
per second (not shown). Responses to polarized light 
were excitatory and as found in the brain neurons 
lacked polarization-opponency. In all neurons, the 
directedness in the response to the rotating polarizer 
corresponded with the recording side. Three neurons, 
recorded from the left connective, showed polariza-
tion sensitivity to clockwise rotations of the polarizer 
(mean pclockwise = 3.7 × 10
-3 ± 0.004, n = 3) but not to 
counterclockwise rotation (mean pcounterclockwise = 0.649 
± 0.199, n = 3). In contrast, two neurons recorded 
from the right connective showed E-vector-depended 
responses only to counter-clockwise rotations (mean 
pcounterlockwise = 4.5 × 10
-3 ± 0.006 and mean pclockwise = 
0.48 ± 0.371, n = 2; Fig. 4B-D). The preferred E-
vector orientations of the counterclockwise-sensitive 
descending neurons were 7° (Fig. 5A) and 115° 
(black neuron in Fig. 4A) whereas the clockwise-
sensitive descending neurons preferred 64° (red neu-
ron in Fig. 4A), 105° and 112° respectively. All de-
scending neurons were stimulated with dorsally pre-
sented polarized light (90° elevation) and no other 
positions were tested. 
 
 
D I S C U S S I O N  
 
Optomotor responses serve to stabilize insect 
flight (Horváth and Varjú 2004, Egelhaaf 2006) - here 
we show that, like rotations of intensity contrasts 
(Schlieper 1927; Varjú 1975) rotations of dorsal E-
vector orientations elicit optomotor responses that 
may be useful for flight control in featureless envi-
ronments like deserts or open water. Neurons tuned to 
a particular E-vector rotation direction were identified 





We presented tethered flying locusts, untreated or 
with black-painted eyes except the DRAs, polarized 
light through a rotating polarizer. Under both condi-
tions locusts showed slow pursuit responses follow-
ing the rotating polarizer, alternating with fast sac-
cadic responses against the rotation of the polarizer. 
The locust thus performs an optokinetic response 
similar to an optokinetic nystagmus during rotation of 
black and white stripes or a single stripe around the 
animal (Schlieper 1927; Varju 1975; Kien and Land 
1978; Barnes and Nalbach 1993 for review). Kien and 
Land (1978) described that locusts either move legs, 
body and head to compensate for movements of a 
rotating striped drum, or remain stationary and at-
tempt to compensate by head movements only. Dur-
ing compensation with their heads only, they show 
slow stimulus following reactions, alternating with 
fast motions in opposite direction typical for a nys-
tagmus. Crabs also perform visually evoked compen-
satory optokinetic responses produced by movement 
of a striped drum around the animal (Barnes and Nal-
bach 1993). A regular sequence of slow pursuit and 
saccadic reset movements is elicited by rotation of 
such a pattern about the yaw axis. The eye of the crab 
follows the movement of the stripes and then flicks 
back at intervals to their staring position. Varjù (1975) 
describes the responses of the beetle Tenebrio molitor 
to a rotating striped drum, too. If plotting the angular 
position of the walking beetle against time, a sawtooth 
response pattern results comparable to the yaw torque 
responses of locusts to a rotating polarizer. Varjú 
(1975) also described the influence of angular veloc-
ity on the response. With increasing velocities the 
animal lags more and more behind the stripe and 
suddenly performs a fast turn against the direction of 
the drum's movement and fixates again the next stripe 
and follows it. 
Tethered locusts tested here show similar optoki-
netic responses with distinct fast and slow phases of 
nystagmus to a dorsally rotating polarizer. We inter-
pret the significant differences in the medians of 
measured time intervals as clear criteria of recognition 
of the rotating direction of the stimulus. Accordingly, 
the locust is able to distinguish between counter-
clockwise and clockwise rotations of the stimulus. In 
counterclockwise rotations, this effect was also ob-
served when the compound eyes except the DRA 
(non-DRAs) were painted black. Probably because of 
the small sample size, the clockwise rotations were 
not significant. Therefore, additional experiments 
with black-painted non-DRAs will have to show 
whether the DRA mediates the nystagmus-like opto-
motor response to the rotating polarizer. 
 
 
Rotation direction-selective polarization sensitive 
neurons 
 
A variety of motion-sensitive neurons have been 
described in the locust brain (Kien 1974b; Hensler 
and Rowell 1990; Gewecke and Hou 1993; Stern and 
Gewecke 1993; Rind 2002 for review). These neurons 
are sensitive to large-field motion of intensity con-
trasts and are usually sensitive to particular motion 
directions. The neurons characterized here are novel 
in that they are sensitive to the direction of rotation of 
a rotating polarizer. We found neurons with these 
characteristics not only in the brain but also with 
descending axons to the ventral nerve cord, providing 
rotation-direction specific polarization information to 
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thoracic motor centers. Putative output regions were 
concentrated in dorsal parts of the thoracic ganglia 
where the motor neurons receive their input (Schlur-
mann and Hausen 2007; Siegler et al. 1991). 
The rotation-direction selective neurons in the 
brain show a remarkable morphological similarity to 
directionally selective motion detectors from the 
lobula termed LDSMDs, described by Rind (1990a, 
2002) and the lobula-protocerebrum-neurons (LP 
neurons) by Gewecke and Hou (1993). The neurons 
recorded here clearly belong to these types of motion 
sensitive neurons; the ipsilateral neuron is similar to 
the LDSMD or LP6/7 neuron whereas the contralat-
eral neurons are similar to the LP10 neuron, but we 
have not tested motion stimuli like moving gratings 
or bars. Our results supplement the physiological 
properties of these motion-sensitive neurons from the 
lobula. Both Rind (1990a) and Gewecke and Hou 
(1993), distinguished two subtypes of neuron, which 
were directionally sensitive to motion. The 
LDSMD(F)/LP7 neuron is sensitive to forward 
movements across the ipsilateral eye, whereas the 
LDSMD(P)/LP6 neuron is sensitive to backward 
motion over the ipsilateral eye (Rind 1990a; Gewecke 
and Hou 1993). Both cell types showed only minor 
differences in branching pattern, which makes com-
parisons with the ipsilaterally projecting polarization-
sensitive neuron in this study difficult. Gewecke and 
Hou (1993) showed that the LP6/LP7 and LP10 neu-
rons respond exclusively to ipsilaterally presented 
stimuli. Two of our recorded brain neurons responded 
only to polarized light presented from 30-90° ipsilat-
eral elevation. Hence, we suggest that these two brain 
neurons receive polarization information mainly from 
the contralateral DRA, because each DRA receives 
input from the contralateral celestial hemisphere 
(Homberg and Paech 2002). Therefore, the polariza-
tion information may be transmitted across the mid-
line from the contralateral eye. Polarization-sensitive, 
but motion-insensitive neurons that cross the brain 
midline and that are able to provide input to the 
lobula or previous stations are known from the me-
dulla (Homberg and Würden 1997; Loesel and Hom-
berg 2001). In summary, we suggest that the direc-
tionally selective motion detectors from the lobula are 
additionally able to differentiate between the rotation 
direction of polarized light presented through a linear 
polarizer. Furthermore, the similar output region 
within the posterior protocerebrum suggests that these 
neurons could provide information from both lobulae 
to the same downstream neurons. 
Because of incomplete labeling of the descending 
neurons, comparisons with known descending neu-
rons have to be preliminary. Rind (1990b) described a 
descending neuron, the protocerebral, descending 
direction-selective motion-detecting neuron 
(PDDSMD neuron) that shows direction-selective 
responses. The PDDSMD neuron has a preferred 
direction backward across the ipsilateral eye and 
forward across the contralateral eye. At least one of 
the neurons studied here, the black neuron in Fig. 4A, 
shares some morphological features with the 
PDDSMD neuron. Both neurons have arborizations 
towards the optic lobe, share a characteristic double-s-
shaped course of the primary neurite, have a descend-
ing axon, and exclusively ipsilateral ramifications in 
the SOG and Pro-TG. The PDDSMD neuron descend-
ing through the left connective responds to a clock-
wise rotating stimulus around the yaw axis as viewed 
by the locust. The descending neurons in our study 
recorded from the left connective likewise only re-
sponded to clockwise rotations of the polarizer while 
the neurons recorded from the right connective only 
responded to counterclockwise rotations. Kien 
(1974b) also described directionally selective de-
scending neurons that respond exclusively to one 
direction of horizontally rotating stripes, but because 
she performed some recordings on upright locusts and 
others on locusts with their ventral side up, it is hard 
to follow the explanation about defining the rotation-
direction. Kien (1974b) described two descending 
neurons (B1, B2) per connective with the same direct-
edness per connective, but opposite direction-
sensitivities between the two connectives. Based on 
the different branching patterns of descending neurons 
in our study (Fig. 4A), we suggest that we recorded at 
least from two different types of descending neurons. 
That is comparable with the findings of Kien (1974b). 
 
 
Role of polarized light in optomotor responses  
 
Probably all types of directionally-selective po-
larization-sensitive neurons described in this study 
were mentioned in previous studies as directionally 
selective movement detector neurons related to black 
and white patterns (Kien 1974b; Rind 1990a; Ge-
wecke and Hou 1993). This suggests that these neu-
rons process congruent changes in the orientation of 
celestial E-vectors and movement of the environment 
during particular flight maneuvers and use these for 
maintaining flight balance. The ipsi- and contralater-
ally projecting lobula output neuron share overlapping 
projections in the posterior protocerebrum that, fur-
thermore, appear to overlap with the dendritic ramifi-
cations of the descending neurons. These common 
projection areas suggest direct connections between 
these neurons that would be required for fast behav-
ioral responses for maintaining flight balance. Corre-
spondingly, Rind (1990a,b) demonstrated a mono-
synaptic connection between one of the LDSMD 
neurons and the PDDSMD neuron. In summary, we 
discovered a new physiological property of these 
directionally selective motion-detecting neurons: The 




E-vector detection in the locust 
 
Our study, finally, provides some progress to the 
problem of detecting individual E-vectors discussed 
by Wehner and Labhart (2006) or Horváth and Varjú 
(2004). Single photoreceptor cells in the DRA or the 
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rest of the compound eye only detect differences in 
brightness or darkness. Motion sensitivity requires 
downstream neurons receiving input from neighbor-
ing photoreceptors or ommatidia with one of the two 
inputs delayed. The Reichardt elementary movement 
detector is the cardinal model mechanism underlying 
motion detection (reviews: Egelhaaf, 2006; Borst et 
al., 2010). Because locusts are not only able to detect 
the orientation of polarized light, but also the rotation 
direction of a dorsally rotating polarizer, a Reichardt-
type elementary movement detector might not only 
operate for detecting moving intensity contrasts but, 
in the DRA, also for detecting moving E-vectors. 
Interestingly, in the locust and all other insects stud-
ied so far, ommatidia in the DRA are arranged in a 
fan-like orientation. Wehner (1989) has interpreted 
this arrangement as a peripheral sensory filter match-
ing the arrangement of celestial E-vectors in the sky. 
As an alternative hypothesis, lateral interactions be-
tween adjacent ommatidial channels in a fan-like 
arrangement would be ideally suited to generate sen-
sitivity to rotational movements of E-vector orienta-
tions above the animal as they occur during yaw 
movements. With rotational sensitivity, the polariza-
tion-vision system of the locust is clearly superior to a 
successive mechanism of E-vector detection as out-
lined by Wehner and Labhart (2006). The successive 
model of E-vector orientation assumes a global pool-
ing of the light signal provided by all DRA photore-
ceptors and thus requires permanent screening move-
ments of the animal to detect the E-vector orientation 
based on brightness differences. It would not allow 
the animal to determine the direction of rotation of a 
rotating polarizer. Our data therefore add indirect 
evidence to a simultaneous mechanism of E-vector 
detection through the instantaneous comparison of at 
least three independent channels of E-vector analysers 
as proposed by (Kirschfeld 1972).  
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